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Abstract
When brown dwarfs were first discovered two decades ago, they were introduced as the
missing link between stars and giant planets. This led to the extension of the stellar
classification sequence down to the planetary regime by introducing the spectral types L,T
and Y. We are now in the era of brown dwarf science where large homogeneous samples
can be produced, allowing us to learn about their physical properties in a statistically
meaningful way.
In this thesis we present a new method, dubbed photo-type, which makes the classi-
fication of L0-T8 dwarfs significantly faster as it only relies on already available multi-
wavelength photometry. It is based on χ2 template fitting and can be adapted to use on
any photometric data. photo-type classifies L and T dwarfs to an accuracy better than 1
spectral type, making it comparable to spectroscopy. This is tested by a range of different
methods, ranging from simulations to spectroscopic follow up.
By searching the SDSS+UKIDSS+WISE for L and T dwarfs with 13.0 < J < 17.5
we produce the largest homogeneous sample of these dwarfs to date. These 1157 L and
T dwarfs are used to find peculiar objects and populations (e.g. blue/red outliers), L/T
binaries, and benchmark systems (by crossmatching with a proper motion catalogue). It
also allows us to calculate the best estimates of the space densities of L and T dwarfs
to date. By following up several of the peculiar ultra cool dwarfs in our sample, we
found a very young object (10Myrs), a number of dusty sources, and some that remain
unexplained.
Finally, we conducted a general search for rare objects in UKIDSS. Here we were
interested in finding high redshift quasars, very cold white dwarfs or a yet unknown pop-
ulation by analysing objects with large χ2 values. While none of the above were found,
we did find a moderate temperature H and He atmosphere white dwarf, a carbon star and
some medium redshift quasars.
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Chapter 1
Introduction
Understanding the star formation history and evolution of the Milky Way is one of the
fundamental topics in astrophysics. Failed stars, known as brown dwarfs, make an impor-
tant contribution in constraining these unknowns and were first discovered less than 20
years ago. Recently the total number of brown dwarfs has become large enough to study
the population as a whole and with it its physical properties. In this thesis we developed
a method that allows us to find and accurately classify brown dwarfs using only already
available photometric data. In this way we produced the largest homogeneous sample of
brown dwarfs to date. This can be used to determine the space density, the scale height,
the luminosity function and eventually the initial mass function of those very cold objects.
We also conducted a general search for rare objects in the near-infrared.
1.1 Brown Dwarf Theory
When a molecular cloud in the interstellar medium reaches the minimum mass required
for gravitation collapse (Jeans mass: MJ ∝
√
T 3/ρ), its core begins to collapse and ra-
diates away energy. The collapse is isothermal as long as the gas and dust in the core
remain transparent to the radiation. The density in the core rises as its radius decreases
while the temperature remains constant, which leads to a lower Jeans mass within the
core. The central regions of these cores now become Jeans unstable and fragment into
smaller clumps.
Eventually the density of these clumps becomes so high, that the gas and dust be-
comes opaque to radiation, leading to an increase in temperature. This leads to an adi-
abatic collapse where all gravitational energy is converted into thermal energy and the
Jeans mass stops decreasing, which stops the fragmentation. This process produces frag-
ments with a minimum mass of a few Jupiter masses, which are still embedded in the
surrounding core from which they accrete material and continue growing. Assuming a
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Figure 1.1: This plot is taken from Jackie Faherty’s talk at Brown Dwarfs Come of Age
(Fuerteventura, 2013), but uses data from Burrows et al. (1997). The blue lines represent
the cooling curves for hydrogen burning objects, the green represent sources that burn
deuterium and the red lines show the cooling curves of objects that do not burn either. It
demonstrates the mass-age ambiguity of brown dwarfs.
typical core of a few solar masses this should lead to each fragment reaching a mass of a
few tenths of a solar mass (Phillips, 1994).
Any collapsed object with a mass too low to produce high enough temperatures to
ignite hydrogen fusion is referred to as a brown dwarf in this thesis. Some definitions sep-
arate between deuterium burning brown dwarfs and planets, but the transition is not ob-
vious. Brown dwarfs are degenerate objects that were first theorised by Kumar (1963a,b)
and Hayashi & Nakano (1963). The process described above explains why most of the
stars in the Galaxy are M stars, but cannot explain how objects as low mass as brown
dwarfs form. Several formation theories are discussed in §1.5.
Hayashi & Nakano (1963) studied stars with 2M ≥M≥0.05M, ranging from 6000
to 2500K, and determined that sources with M>0.26M have radiative cores, while ob-
jects between 0.26M and 0.08M are fully convective during their pre main sequence
phase. Sources below 0.08M contract and become electron degenerate without igniting
hydrogen. Kumar (1963b) used those results to deduce that they are more luminous than
previously assumed and therefore evolve much quicker. He determined that stars with
M<0.1M contract to radii of ∼0.1R within 1 Gyr.
Hydrogen fusion keeps the temperature of stars relatively constant for millions or
even billions of years. This is not the case with brown dwarfs, which are hottest when
16
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they are born and cool with age. The cores of brown dwarfs are fully convective in the
pre-main sequence phase, with temperatures lower than <2500K and become electron-
degenerate. The rate at which they cool is only dependent on their mass at birth.
The different cooling curves are illustrated in Figure 1.1. The Figure separates be-
tween hydrogen burning objects in blue, deuterium burning objects in green (13-75MJ)
and objects that do not burn any elements in red. In this thesis we concentrate on the
bottom right corner of the plot, ie. sources that are below the hydrogen burning limit
and have ages of several Gyrs. The age constraint is imposed by us studying field brown
dwarfs which are usually older than 3 Gyrs.
The blue tracks show that low-mass stars reach constant temperatures within 1Gyr
and then remain at those for long periods of time. The coolest stars with ∼0.08M reach
temperatures as cold as 1800K after a few Gyrs. This places them in the same temperature
regime as the hottest brown dwarfs. The hottest deuterium burning objects are born with
temperatures around 3200K and cool to 2500K within one Gyr. Sources that do not
burn hydrogen or deuterium at ages of 3-4Gyrs have temperatures colder than 500K. This
means that current NIR surveys struggle to detect them, with the coldest brown dwarf
detected by UKIDSS, UGPS 0722-0540, having T∼500K (Lucas et al., 2010). Those
sources are much easier to detect when they are still young (i.e. in Young Associations or
Clusters), as they are born with temperatures around 2500K.
From Figure 1.1 one can see that there is no direct relationship between the mass
of brown dwarfs and their temperature. It is essential to determine the age of a brown
dwarf to constrain its mass and temperature. A gas giant with a mass less than 13MJ at
<10Myr, a deuterium burning brown dwarf at an age of 100Myrs and a low-mass star that
is a few Gyrs old all have the same temperature of about T∼1800K (Burrows et al., 1997).
Another feature of brown dwarfs that makes the study of them more complicated is the
fact that their radius depends on age, with younger objects still contracting and therefore
having larger radii and higher luminosities than field brown dwarfs.
1.2 Discovery History/Unified Classification Scheme
The only sources of energy for brown dwarfs are gravitational contraction and deuterium
burning. They are cold and faint and only detectable in the solar neighbourhood (Lucas
et al., 2010). They emit 90% of their bolometric luminosity at wavelengths longer than
1µm, making them some of the reddest objects in the universe (Chabrier et al., 2005). Due
to NIR technology not being particularly evolved until recently and due to their intrinsic
optical faintness they remained undiscovered until 1995. While an L dwarf was found
as a very dim and red object in a binary system with a white dwarf (GD 165B, Becklin
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& Zuckerman, 1988) and a spectrum for the source was obtained by Kirkpatrick et al.
(1993), this object was not understood as an L dwarf at the time.
As old hydrogen burning stars reach temperatures in the brown dwarf regime, we
have to differentiate between those and sub stellar brown dwarfs (Marley & Leggett,
2009). The lithium test is a way to determine if an object burns hydrogen or not. Core
temperatures of T > 3×106K are required to support hydrogen fusion, while T ∼ 2×106K
is needed for lithium burning (p+7Li→4He+4He). The lithium production mechanism is
not trivial, which means once it is depleted it will not be reproduced. If an object’s spec-
trum has a detectable Li I doublet at 6708Å, lithium was not burned and the object never
reached temperatures high enough to burn hydrogen (Kirkpatrick, 2005). Kirkpatrick
et al. (2008) caution that the lithium test cannot be trusted for low gravity objects, as al-
kali lines can become very weak and sometimes undetectable. GD 165B was classified
as an L4 dwarf and while it is assumed to be substellar, no lithium has been found in its
spectrum, making it a potential transition object between stars and brown dwarfs.
The first understood brown dwarfs discovered were by Nakajima et al. (1995), who
found a cool companion to Gl 229B and Rebolo et al. (1995), who found a brown dwarf in
the Pleiades star cluster. These discoveries started a rapid hunt for these very cool objects.
The first isolated field brown dwarf, Kelu-1, was discovered in 1997 by Ruiz et al. (1997).
The recent advances in the field were possible due to the development of much better
near-infrared (NIR) detector technology. This allowed larger area and deeper surveys sen-
sitive to fluxes at > 1µm capable of detecting fainter and greater numbers of red sources.
The first surveys that successfully detected brown dwarfs are the DEep Near Infrared
Survey of the Southern Sky (DENIS; Epchtein et al., 1997), the Sloan Digital Sky Sur-
vey (SDSS; York et al., 2000) and the Two Micron All-Sky Survey (2MASS; Skrutskie
et al., 2006). SDSS is technically an optical survey, but its reddest photometric bands
iz cover the relevant wavelengths (> 0.75µm) to detect brown dwarfs. 2MASS is cred-
ited with the discovery of many brown dwarfs and is still used extensively for proper
motion studies. The current wide field surveys have revolutionised the field and raised
the number of discovered brown dwarfs into the hundreds. Those worth mentioning in-
clude the UKIRT Infrared Deep Sky Survey (UKIDSS; Lawrence et al., 2007), and the
Canada-France Brown Dwarf Survey (CFBDS; Delorme et al., 2010). More recently the
Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010) scanned the sky at mid-
IR wavelengths, and detected the coldest brown dwarfs known to date.
The numerous discoveries of brown dwarfs led to the extension of the temperature
sequence of stellar objects (OBAFGKM) into the sub-stellar regime. L (Kirkpatrick et al.,
1999), T (Geballe et al., 2002; Burgasser et al., 2002, 2006b) and Y dwarfs (Cushing
et al., 2011) now map down to ∼ 250K. The classification into L, T and Y dwarfs depends
18
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Figure 1.2: Figure taken from Marley & Leggett (2009) (adapted from Cushing et al.,
2006). It shows the optical to mid-IR spectra of objects with spectral types M6.5 (blue),
L5 (purple), pink (T8) and Jupiter (red). The main absorbers are highlighted for each
one.
mainly on temperature, but also on gravity and metallicity. The spectra of L dwarfs show
absorption lines of neutral alkali (Na I, K I, Rb I, Cs I and at times Li I), oxides (TiO, VO)
and hydrides (CrH, FeH, CaOH) (Kirkpatrick, 2005). H2O and CH4 absorption appears
in T dwarfs and NH3 absorption in Y dwarfs. Spectra of model M, L and T dwarfs from
Marley & Leggett (2009) are shown in Figure 1.2, where the most important absorbers
are noted. They are also discussed in more detail below.
The relatively hot L dwarfs, ranging from 2500-1300K, were introduced by Kirk-
patrick et al. (1999) after they analysed 2MASS data and found objects where TiO (tita-
nium oxide) and VO (vanadium oxide) bands disappeared in the far optical wavelengths.
Burrows et al. (2001) determined that the temperature lower limit for stars with solar
metallicities lies at 1700K which is equivalent to the spectral type L4 (Golimowski et al.,
2004). This means that the early L dwarfs are a mixed population of hydrogen burning
low-mass stars and deuterium burning brown dwarfs where the numbers of stars decrease
rapidly towards later spectral types until only brown dwarfs remain at L4. The cooling of
brown dwarfs slows down with later spectral types. A brown dwarf of mass 0.07/0.025M
remains an L dwarf for 2.7Gyrs/120Myrs, while it stays a T dwarf for much longer (Cruz
et al., 2007).
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Brown dwarf atmospheres change at the L/T transition (L7-T4), where they go from
the dusty L dwarf, to the clear T dwarf, as the grains settle gravitationally. At T∼2000K
carbon converts into CO and most of the oxygen is bound in TiO and VO, while water
vapour absorption appears in the NIR. By T∼1800K, the CO converts into methane CH4
in the NIR and TiO and VO disappear, being condensed out into grains and silicate clouds
(TiO2, CaTiO3, VO2). The upper atmosphere cools rapidly and clouds become the domi-
nant effect instead of temperature, as holes form that allow light from deeper and warmer
layers to escape. This leads to an approximately constant temperature for late L to mid T
dwarfs (Chabrier et al., 2005, Kirkpatrick, 2005).
The presence of strong CH4 absorption in the NIR is specific to T dwarfs and re-
distributes the flux to shorter wavelengths, making the objects bluer. The classification
scheme for these subtypes in the NIR is based on JHK band flux peaks and the strength of
CH4 and H2O bands between 1-2.5µm. Another factor determining the shape of the brown
dwarf spectrum is gravity. Higher gravity leads to more densely packed atmospheres and
a higher opacity caused by collision-induced absorption of H2, which is very abundant
(Cushing et al., 2011; Tsuji, 2002).
T dwarfs have temperatures between 1500-750K and are completely substellar with
masses up to 0.075M. As previously stated, the cooling of T dwarfs is much slower than
that of L dwarfs. A brown dwarf with 0.07/0.025M takes 30Gyrs/1.5Gyrs to cool from
1400 to 600K, i.e. through the T dwarf regime.
Y dwarfs are the coldest type of brown dwarfs, first discovered by Cushing et al.
(2011) using WISE data. The defining feature of Y dwarfs is NH3 absorption lines ap-
pearing in NIR spectra at effective temperature of ∼600K. Luhman (2014) discovered a Y
dwarf with an effective temperature between 225-260K, making it the coldest Y dwarf to
date. These cold temperatures cause a change in their spectra. The NH3 lines strengthen,
and Na and K condense into Na2S and KCl, weakening their absorption lines. H2O con-
denses out at ∼350K and NH3 at 200K (Cushing et al., 2011).
These sources are of great interest as they are cold enough to enter the planetary tem-
perature regime and therefore can shed light on exoplanet atmospheres. While these are
often hard to analyse as they are irradiated by the much brighter host star, brown dwarfs
are often isolated or orbit their host stars at large enough distances to not be irradiated by
it and therefore are easier to study.
1.3 Effective Temperature vs. Spectral Type
The main physical property defining the stellar sequence is temperature. This is also the
case for brown dwarfs. Kirkpatrick (2005) illustrates the effective temperature against
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Figure 1.3: Figure taken from Kirkpatrick (2005) illustrating the relationships between
the effective temperature of L and T dwarfs and spectral types. The red points highlight
objects considered as spectroscopically peculiar.
NIR spectral type sequence which is shown in Figure 1.3. Here Monte Carlo simulations
and evolutionary models from Burrows et al. (1997), valid for ages of 1Myr - 1Gyr and
masses of 1-100MJ, are used to constrain brown dwarf radii to 0.9±0.15RJ. The effective
temperatures are then calculated using the Stefan-Boltzmann law L = 4piR2σT 4 and the
measurable bolometric luminosity. The sequence is tightly correlated for early- to mid-L
dwarfs and mid- to late-T dwarfs, which means knowing the NIR spectral type automat-
ically gives the effective temperature. This is not the case around the L/T transition, as
brown dwarfs of those spectral types have relatively constant temperatures. Therefore the
relationship between spectral type and effective temperature is degenerate around L7-T4
and a better relationship is the absolute magnitude to spectral type relation described next.
1.4 Absolute Magnitude vs. Spectral Type
One of the biggest challenges in brown dwarf studies is the accurate determination of
distances. Usually this is done by using trigonometric parallaxes which requires long
observational periods and close by sources to be accurate. This can be circumvented
by taking objects with known distances (e.g. due to them being in binary systems) and
producing spectral type against absolute magnitude M relations. Those can be used to
look up a brown dwarf’s absolute magnitude if its spectral type is known. Knowing
the absolute M and apparent m magnitude of the brown dwarf allows us to calculate its
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distance in parsec d using m = M − 5(1 − log10 d).
This is not a trivial task, as very accurate distance measurements for a reasonably
large number of brown dwarfs in all subtypes is necessary to find a reliable polynomial
relation. The best relation produced to date is by Dupuy & Liu (2012). They introduce
the Hawaii Infrared Parallax Program, where they perform high-precision IR astrometry
at the Canada-France-Hawaii Telescope on Mauna Kea. The parallaxes of 83 M6-T9
dwarfs are measured to accuracies around 2.3%. Those distances are used to produce
the absolute magnitude against spectral type relations shown in Figure 1.4. In each panel
the r.m.s. for the fit is quoted, broken up by spectral type: M6-L2 (brown), L2.5-L9
(red), L9.6-T4 (purple) and ≥T4.5 (blue). For the K band the r.m.s. about the inverted
polynomial fit (spectral type as a function of magnitude, grey dashed line) is quoted on
the right side. This relation is of great interest as it is the first step towards determining the
spatial distribution of brown dwarfs and their space density, which is the first step towards
determining the Initial Mass Function.
1.5 Initial Mass Function
One of the fundamental quantities that characterises the LT population is the Initial Mass
Function (IMF), which is the number density of stars that formed in each mass bin. It can
help shed light on the star formation history of the Milky Way and differentiate between
the brown dwarf formation mechanisms summarised below (Luhman, 2012):
(1) Massive collapsing cores produce fragments of different sizes through gravitational
collapse. They are stopped from accreting onto larger objects due to high velocities and
tidal shears in the clusters.
(2) Some fragments interact with each other, which sometimes results in the ejection of
one of the smaller sources, stopping it from accreting more gas.
(3) Some accretion is stopped by photo ionising radiation from very massive OB stars, as
they take away the low-mass object’s envelope.
(4) A new star has a circumstellar disk that is broken apart and collapses into low-mass
objects.
(5) Turbulent compression/fragmentation of gas in molecular clouds produces collapsing
cores with different masses.
Luhman (2012) discusses how current IMF results disagree with most of these for-
mation scenarios. The fraction of brown dwarfs to stars in clusters and the field is in
agreement, meaning that both were born with similar space velocities and were not ejected
during their formation, therefore dismissing Scenario 2. The Taurus cluster with its low
stellar density proportionally has a very similar number of brown dwarfs as the very dense
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Figure 1.4: Figure taken from Dupuy & Liu (2012) illustrating the relationships between
the absolute magnitudes of J/H/K and spectral types.
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Trapezium cluster, showing that dynamical interactions are not essential for their forma-
tion. If brown dwarfs mostly formed in disks around solar-like stars, their numbers would
scale together. As this is not the case, Scenario 4 is excluded as one of the main mech-
anisms of brown dwarf formation (Kroupa, 2001; Chabrier, 2001; Luhman, 2012). The
MF of brown dwarfs is the same with and without O stars in their vicinity, which shows
that brown dwarfs are not stopped from accreting material due to their envelopes being
stripped away by photoionisation from OB stars, confirming that Scenario 3 is not correct.
The existence of isolated protostar brown dwarfs indicates that they do not have to form
in dense clusters, therefore disproving Scenarios 1 and 2 as the main methods of brown
dwarf formation. This leads to the conclusion that Scenario 5 is the most likely formation
mechanism and controlling factor in determining the masses of stars and brown dwarfs.
The IMF for objects with > 1M was first measured by Salpeter (1955) and is defined
as the number of stellar sources N per mass interval [m, m + dm], which is expressed as
follows:
ξ(m) =
dN
dm
∝ m−α, (1.1)
where Salpeter (1955) measured α for >1M to be ' 2.35. While the α for high mass ob-
jects has remained unchanged, the shape of the M < 1M IMF is still not well constrained.
This is not ideal as 70% of all mass in the Galaxy is in objects with M < 1M, so they
contribute significantly to the baryonic content and mass-to-light ratio of the Milky Way
(Chabrier et al., 2005).
Miller & Scalo (1979) first determined that the IMF flattens for objects with M <
1M and introduced the log-normal form of the IMF defined as:
ξ(m) ∝ exp
[
− (logm − logmc)
2
2σ2
]
, (1.2)
where mc is the characteristic mass (ie. peak) of the IMF. Kroupa et al. (1993) introduced
a segmented power-law to describe the IMF of sources with M < 1M, which is now
referred to as the Kroupa IMF. Chabrier (2003) proposed a new log-normal IMF which is
very similar to the two-part power law proposed by Kroupa.
As the IMF cannot be directly observed, it is not trivial to determine and requires a
very good understanding of the mass-luminosity relation, birthrate, luminosity function
and cooling curves of stellar and substellar sources. Only recently large enough sam-
ples of low mass objects were produced to determine the shape of the IMF and α more
accurately.
The first step in determining the IMF is to constrain the space density of brown
dwarfs and to calculate the luminosity function LF. The term function is slightly mislead-
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ing, as a better way to describe it is as a distribution. Usually it is defined as the number
of sources per luminosity bin at the current time. For brown dwarfs it makes more sense
to define it as the number of sources per spectral type to avoid any potential ambigu-
ity due to the intrinsic J band brightening of early T dwarfs compared to late L dwarfs.
Mathematically it is described as φ=dN/dL =dN/dSpT.
To produce an accurate single object LF we have to consider the contamination of
our sample by unresolved binaries, which have higher luminosities than single objects of
the primaries spectral type. We also have to consider low metallicity objects that appear
brighter than their solar metallicity mass counterparts. Very young brown dwarfs are still
contracting, therefore have larger radii and greater luminosities than their older spectral
counterparts. All these lead to a steeper mass-luminosity (M/L) relation which has to be
constrained in an attempt to determine the IMF (Chabrier, 2001). Knowing the age of a
brown dwarf can help determine these quantities as it lifts the age-luminosity degeneracy.
It can also help understand the brown dwarf cooling curves described in §1.1. These
are particularly tricky in young clusters where sources are still contracting and cooling
quickly.
The birth rate, described as the distribution of brown dwarfs formed throughout the
history of the Galaxy, was analysed by Chabrier (2002) and Burgasser (2004b). They
considered a flat/constant birthrate, a decreasing birthrate, a ‘cluster’ birthrate which is
flat but stochastic, and a ‘halo’ birthrate which assumes all objects formed 9 Gyrs ago
within 1 Gyr. While the last one seems unrealistic as the models produce too few L
dwarfs in the Galactic halo, current analysis is not able to differentiate between the first
three. Most recently Day-Jones et al. (2013) attempted to derive the sub-stellar birth rate
for objects with 0.10-0.03M and ages of 1-10 Gyrs using mid-L to mid-T dwarfs but
could not place robust constraints on it with the available data. Constraining the birthrate,
M/L relation and evolutionary models is particularly important for the hotter objects, as
they move across the spectral sequence quicker than their cooler counterparts of the same
mass.
Most IMF calculations to date were conducted in Young Associations, Moving
Groups (d <100pc) or star rich Young Open Clusters (d >100pc) with low extinction
and young ages greater than 5Myrs. They all have well constrained ages and all sources
form at the same time, therefore there is no birth function. The membership of Young
Associations and Moving Groups is relatively hard to determine as they are widely dis-
tributed. This is not the case for Young Open Clusters which are relatively compact in the
sky.
The Pleiades was the first cluster studied extensively, due to being close (125pc),
young (100-125Myrs), having many stellar sources and being very compact (Luhman,
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2012). Moraux et al. (2003) used the CFHT to calculated its IMF for objects ranging
from 0.03M ≤ M ≤ 0.48M and obtained a power-law IMF with α = 0.60 ± 0.11.
Their results are confirmed by Lodieu et al. (2007) who used the UKIDSS GCS to also
study the Pleiades. Young clusters like IC 348, Trapezium, Chamaeleon and Upper Sco
have α ∼0.5 for M≤ 0.2M (e.g. Lodieu et al., 2011). While the different clusters are
compared to determine differences in their substellar IMF, this is not an easy task as
they are all derived using different evolutionary models and ages. They appear to be in
agreement within the errors though. Most cluster IMFs peak at masses around 0.5M
which is referred to as the characteristic mass. If more low mass objects were known
in well studied clusters one could determine small shifts in characteristic masses, which
could give insight into the spectral type evolution (i.e. cooling curves) of brown dwarfs.
Field brown dwarfs on the other hand do not have well constrained ages, except if
they are benchmark sources in binary systems (described in more detail in §1.7). Cur-
rent LT sub-stellar mass function determinations are plagued with small numbers of ob-
jects and therefore large errors. Cruz et al. (2007) present the first estimate of the L
dwarf space density using a sample of M7-L8 dwarfs within 20pc. They determine a
density of (4.9±0.6)×10−3pc−3 for M7-M9.5, (1.7±0.4)×10−3pc−3 for L0-L3 and at least
(2.2±0.4)×10−3pc−3 for later L dwarfs. This results in a substellar power-law IMF with
α < 1.5.
Metchev et al. (2008) use 2MASS and SDSS DR1 (15 T dwarfs) to determine space
densities for T0-T8 dwarfs and get 7.0+3.2−3.0 × 10−3 sources per cubic parsec, in agreement
with a substellar power-law IMF with α ∼ 0.
Reyle´ et al. (2010) are the first group to constrain the luminosity function for L and T
dwarfs at the same time. They use the Canada-France-Hawaii Telescope and 102 dwarfs
ranging from L5 to T8 to determine the field space density, finding 2.0+0.8−0.7 × 10−3 objects
pc−3 for L5-T0, 1.4+0.3−0.2 × 10−3 objects pc−3 for T0.5-T5.5, and 5.3+3.1−2.2 × 10−3 objects pc−3
for T6-T8. This indicates a substellar power-law IMF with α ≥0. They did not correct for
binarity, which has a large effect as most brown dwarf binaries are near-equal luminosity
systems that can be detected to further distances than isolated brown dwarfs. This leads
to a skewing of their space densities.
Burningham et al. (2010b) use MC simulations with different SF mechanisms and
attempt to constrain the field mass function of T6-T9 dwarfs with (0.30±0.20)×10−3 to
(0.59±0.20)×10−3 objects pc−3 for T6-T6.5, (0.40±0.28)×10−3 to (0.79±0.55)×10−3 ob-
jects pc−3 for T7-T7.5, (0.58±0.51)×10−3 to (1.1±1.0)×10−3 objects pc−3 for T8-T8.5, and
(3.1±2.9)×10−3 to (7.6±9.9)×10−3 objects pc−3 for T9. The power-law IMF best describ-
ing these numbers requires α ≤0.
The largest uncertainty in T dwarf space densities is caused by unresolved binaries.
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This means that even though Kirkpatrick et al. (2012) use 148 T6 or later dwarfs, nearly 6
times as many as Burningham et al. (2010b), the sample size does not improve the T dwarf
space density estimates as much as expected. They obtain a slope of −0.5 < α < 0.0 for
the power-law IMF of late-T dwarfs.
While the cluster IMFs seem to predict α ∼ 0.5 and the field IMFs predict α ∼ 0, this
can still be in agreement as they were derived using different evolutionary models. The
field IMFs are also plagued with small number statistics and therefore have large errors.
The only way to determine if there is indeed a disagreement, would be to use the same
models for all IMFs involved.
1.6 Survey Methods
This section gives a quick overview of the largest brown dwarf samples to date and sum-
marises how they were selected. For each brown dwarf subtype we have to find the ideal
survey as they can be detected best in a certain part of the electromagnetic spectrum. The
L dwarfs are primarily discovered in optical surveys, especially the SDSS, while NIR
surveys are needed for T dwarf discoveries (e.g. 2MASS, DENIS, UKIDSS), and mid-IR
surveys (e.g. WISE) for very late T and Y dwarfs. All current large samples are culled
from different surveys with varying photometric systems and therefore cannot be com-
bined well. They also analyse very limited areas of colour-colour space by implementing
stringent colour cuts and look for a specific range of brown dwarf subtypes. This leads
to many objects being potentially omitted. These constraints were necessary at the time
as they analysed new parameter space. The next paragraphs give an overview of those
constraints and a summary of what the large samples were used for.
Many L dwarfs were discovered in SDSS, with the largest two samples being de-
scribed below. Hawley et al. (2002) presented 718 dwarfs from SDSS including 629 and
47 M and L dwarfs respectively. They selected objects based on colour cuts (r − i > 1.8
and i − z > 1.0), and SDSS spectra, which are automatically reduced and classified. They
used a sample of MLT dwarfs with trigonometric parallaxes, J magnitudes and spectral
types to calibrate a spectroscopic parallax relation. Then they estimated parallaxes for the
whole SDSS sample using the previously defined relation. Those estimates were com-
bined with the SDSS colours of the sample and resulted in photometric parallax relations.
They also deduced that SDSS is sensitive to detecting M, L and T dwarfs at 1500, 100
and 20pc respectively.
Schmidt et al. (2010) conduct a search for L dwarfs in SDSS DR7. This is done by
selecting all objects in SDSS that have spectra and i − z > 1.4. They classify all spectra
using the pipeline outlined in Covey et al. (2007) and then inspect each source by eye
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to confirm the spectral type, removing spectra with too low S/N. After removing all M
dwarfs, 484 L dwarfs remain. Out of those 210 were not previously known. They use
known distances for 13 of their objects to produce i − z and i − J colour to absolute i
magnitude relations to calculate distances and determine proper motions by comparing
source positions to 2MASS. Radial velocities and three-dimensional kinematics for most
sources are also calculated.
A NIR survey that was used to discover many L and early-T dwarfs was 2MASS. The
largest sample was presented by Kirkpatrick et al. (2000) who searched for late L dwarfs
by using colour (J − KS > 1.7) and magnitude cuts (Ks ≤ 15.0). These cuts made the
follow up of sources more manageable and resulted in 67 new L dwarfs, of which 17 are
later than L6. They used a few objects with known parallaxes to estimate the distances
to the other brown dwarfs and produced absolute J and KS magnitude to spectral type
relations.
UKIDSS was very successful in finding mid- to late-T dwarfs. Burningham et al.
(2010b) searched the UKIDSS DR4 for T dwarfs with J ≤19.3. They implemented many
colour cuts that reduced the number of sources in need of follow up observations but may
have led to the missing of peculiar brown dwarfs. They looked for T dwarfs with J − H
and J − K ≤ 0.1 and z − J > 3.0 or no SDSS detections. They also searched for sources
undetected in HK or SDSS, where they required Y − J > 0.5. This resulted in a sample of
47 new T dwarfs which were used to estimated space densities for late T dwarfs (T6-T9).
Day-Jones et al. (2013) selected potential mid-L to mid-T dwarfs with a declination
≤20deg, a magnitude cut at J <18.1 and a colour cut at Y − J >0.8, that were followed up
and classified using the XShooter spectrograph on the VLT. This resulted in 63 mid-L to
mid-T spectra, including 12 likely unresolved binaries.
Burningham et al. (2013) searched the UKIDSS DR9 and SDSS DR8 for T dwarfs
by enforcing the following colour cuts: J − H and J − K < 0.1 or a K non-detection and
z − J > 2.5 or no SDSS detection within 2′′. This resulted in the discovery of 76 new T
dwarfs.
Kirkpatrick et al. (2011) looked for brown dwarfs in WISE that had spectral types
later than T5. They used a colour cut to constrain the original sample: W1−W2 ≥ 1.5. If
an object was detected in W3 a cut at W2 −W3 < 3.0 was also applied. They looked for
high proper motion nearby L and T dwarfs that were potentially missed by implementing
a cut at W1 −W2 > 0.4. This resulted in 89 T dwarfs from WISE, where 80 had spectral
classes later than T6. An absolute H magnitude to spectral type relation was derived
using sources with trigonometric parallaxes which could be used to calculate distances
and therefore space densities and the luminosity function.
All these samples are selected in a specific subset of the colour-colour and colour-
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magnitude parameter space and may miss peculiar L and T dwarfs which are of interest.
In this thesis we describe a method capable of detecting all L0-T8 dwarfs with J ≤ 17.5 by
using the photometry from SDSS+UKIDSS+WISE and allowing for objects to be missing
from SDSS and WISE. A large sample will allow us to constrain the general properties of
brown dwarfs better, peculiar populations will crystallise and the Galactic star formation
history can be derived. Finding very old brown dwarfs for example can help constrain the
minimum age of the thin and thick Galactic disk and the Galactic halo (Chabrier et al.,
2005).
1.7 Benchmark Brown Dwarfs
We are interested in finding accurate ages, masses, radii and distances of brown dwarfs
as those can be used to test theoretical models of cool atmospheres (Reyle´ et al., 2013).
This is not trivial due to the mass-age degeneracy previously discussed, but can be broken
by benchmark objects. Those are binary systems where brown dwarfs are companions
to MS stars or white dwarfs. The primaries are intrinsically brighter and easier to study,
especially when the two components are well separated on the sky. Often their distances
are known or can be determined more easily, which also gives the distance of the brown
dwarf companion. The metallicity of the primary can be measured by taking its spectrum
and from that the age of both components can be determined as they formed at the same
time and in the same conditions.
Only 20 MS + T dwarf binaries were known in 2013 and we are looking to expand
this census. We discuss one such system here as an example. Reyle´ et al. (2013) describe a
binary system, where the primary, an M4.5-M5 star, has a T2.5 companion. The system’s
age is determined to be over 5 Gyrs, as the Hα feature in the primary (which is a sign of
accretion and therefore youth) is very weak. The parameters of these older systems are
easier to constrain than those of young, active ones. The cooling of brown dwarfs slows
down with age, which means a loose constrain on the age of the primary can give very
accurate parameters for the secondary. This is more complicated for very young systems,
as young brown dwarfs contract and therefore have changing radii and luminosities. Much
more stringent constrains on the primaries are required for those.
1.8 Brown Dwarf Binaries
We are interested in finding unresolved brown dwarf binary systems as the brown dwarf
binary fraction has to be known to accurately calculate the luminosity function of sub-
stellar sources. Some spectral features that potential unresolved binary candidates in Bur-
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gasser et al. (2010) have in common and we should look out for are (1) the stronger
methane absorption in the H than in the K band, (2) the stronger J band peak, (3) the
deeper water and methane absorption lines in Y , and (4) the bluer K flux peak. L/T tran-
sition binaries often have bluer NIR colours (defined as J − K) than single sources of the
same spectral type as the primary. This is due to the T type secondary always being bluer
than the L type primary, as it has more flux at shorter (J) wavelengths and therefore shifts
the binary colours towards the blue.
The brown dwarf binary fraction is estimated to be around 20-30% (Basri & Reiners,
2006), where most are systems with less than 20AU separation. There are a few wide
binaries as well, where the separation is more than 100AU. Brown dwarf binaries appear
to prefer nearly equal mass primaries and secondaries (Luhman, 2012).
Current studies concentrate on binary systems around the L/T transition region which
ranges from L7-T4, as those are interesting and not well understood. They span a very nar-
row luminosity/temperature range but their atmospheres change from the dusty L dwarfs
to the clear T dwarfs. Those are dominated by methane, water and collision induced H2
absorption (CIA of H2), where most condensates were removed from the photospheres
within 500Myrs. Having formed at the same time and in the same conditions, they are
excellent laboratories to study low temperature atmospheres (Burgasser, 2007; Burgasser
et al., 2010).
Early-T dwarfs are intrinsically brighter in J than late-L dwarfs, but their luminosities
decline in H and K. This is caused by the cloud deck opening up and allowing radiation
from deeper, hotter atmospheric layers to escape. The speed with which the condensates
are removed from T dwarf atmospheres is confirmed by the small number of early-T
dwarfs detected, as they quickly evolve to mid-T dwarfs (Metchev et al., 2008). T0 are
three times rarer in magnitude limited samples than early to mid L dwarfs. L/T transition
binaries on the other hand are twice as likely as any other binary combination (60% of
T0-T2 and 53% of T0-T4 are in binary systems (Burgasser et al., 2010)). As they are
more luminous due to (1) two sources contributing to the luminosity, and (2) the J band
brightening of T dwarfs, they are more likely to be found in a magnitude limited sample
than early T dwarfs. These binary systems are often called ‘flux-reversal binaries’ and the
brightening is referred to as the J bump (Burgasser et al., 2010).
An example of such a binary that is ideal to conduct radial velocity searches for plan-
ets and to directly image in the future was detected using WISE proper motions. WISE
1049-5319 is an L7.5+T0.5 binary discovered by Luhman (2013) and the third closest
system to the Sun at a distance of just 2.02±0.15pc. Burgasser et al. (2013) conducted
follow up observations on the system and determined it to be a ‘flux reversal’ binary be-
cause the primary is probably much dustier and therefore has less flux emerging at 1µm
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while the secondary is clearer which leads to light from deeper and hotter layers being
visible.
1.9 Peculiar Populations
With the current number of known brown dwarfs having reached over 1000, peculiar
populations with interesting properties have emerged. The main sub-populations worth
discussing are very young, low-mass and surface-gravity brown dwarfs (e.g. Cruz et al.,
2007), unusually red L dwarfs (e.g. Looper et al., 2008; Cushing et al., 2005), unusually
blue L dwarfs (e.g. Knapp et al., 2004; Cruz et al., 2003, 2007; Chiu et al., 2006) and old
metal-poor subdwarfs (e.g. Burgasser et al., 2003; Le´pine et al., 2003; Gizis & Harvin,
2006). Studying them allows us to understand the age-colour relation of brown dwarfs
better and also to shed light onto the evolution of these very cold objects. The best colour
to use to separate between them is J − K as it is very gravity and age dependent due to
the large effects of CIA of H2. Constraining the age of brown dwarfs lifts the age-mass
degeneracy, as described by Faherty et al. (2009).
We first discuss low surface-gravity brown dwarfs, which are very young and have
low radial velocities (Faherty et al., 2009, 2012; Smith et al., 2014b). This is due to most
stars and brown dwarfs in our neighbourhood being part of the Galactic thin disk. Their
tangential velocities change with age, where young, low-gravity objects have a lower
velocity dispersion than normal field dwarfs. They had less time to interact with the
disk and therefore were not scattered into different trajectories by other Galactic sources
(Kirkpatrick, 2005).
Kirkpatrick et al. (2008) determined that 7.6%±1.6% of observed field L dwarfs are
younger than 100Myrs and have dusty atmospheres with high opacities. These sources
have lower gravities, with several NIR spectral features in the photosphere being enhanced
(e.g. VO [1.06µm]) or suppressed (e.g. FeH [0.99, 1.20, 1.55µm], Na I [1.14, 2.21µm],
K I [1.17, 1.25µm]) (Allers & Liu, 2013). Lucas et al. (2001) first pointed out, that
young brown dwarfs have distinctive triangular looking H bands. This is illustrated in
Figure 1.5 and is a hallmark of youth. This is probably caused by an increase of FeH
absorption and CIA of H2, which is reduced due to the lower pressure in the atmospheres
of those young objects. This way the flux in HK is not blocked and can radiate, making
the spectral energy distribution of the objects redder. CIA of H2 is extremely pressure
sensitive, and therefore can shed light on the gravity and age of brown dwarfs. The gravity
of young objects indicates that they have larger radii than field brown dwarf equivalents
of their spectral type/temperature. These sources are still contracting, which constrains
their ages and confirms their youth (Kirkpatrick et al., 2006). They are underluminous in
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comparison to their field counterparts and in general classified a subtype later in the NIR
than in the optical. Faherty et al. (2012) discuss that a separate absolute magnitude to
spectral type relation is needed in the NIR to describe these young dwarfs with their dusty
atmospheres. More details on all these gravity sensitive features can be found in Allers &
Liu (2013), where dwarfs ranging from M6-L5 are used to derive spectral indices.
The first of these objects discovered was 2MASS J01415823-4633574, found by
Kirkpatrick et al. (2006). Its low gravity was confirmed by spectroscopy. Models of
brown dwarfs place it at an age between 1-50Myrs and a mass of 6-25MJ. Its distance
is around ∼35pc making it a very likely member of the Tucana/Horologium association
(30Myrs), or β Pic Moving Group (around 12Myrs).
Low surface gravity dwarfs are denoted with suffixes ranging from α to δ which
roughly agrees with the following ages (Kirkpatrick, 2005; Luhman, 2012): >1Gyr
for α, ∼100Myrs for β, ∼10Myrs for γ, and ∼1Myr for δ, e.g. L5γ for 2MASS
J035523.37+113343.7 discovered by Faherty et al. (2013) which was the reddest iso-
lated L dwarf known before PSO 318-22 was discovered (Liu et al., 2013). The object is
brighter in the mid-IR, which is caused by large quantities of photospheric dust that moves
the flux towards longer wavelengths, making it redder than the average field dwarf. These
spectral features are also an indication of young age which is confirmed after the analysis
of its kinematics. Its velocity and location indicates that it is a young disk object that is
less than 2-3Gyrs old. It is most likely a member of AB Doradus, a Young Moving Group
(Faherty et al., 2012).
The reason low mass (< 13MJ), low surface gravity, dusty young dwarfs can be used
as exoplanet analogues is partially because they show the same triangular H band feature
as young planetary type objects around 10Myrs (e.g. 2M1207b) and the HR8799 system.
Their atmospheres can shed light on the understanding of cold atmospheres, as unlike
exoplanets, they are not irradiated by their host star (Faherty et al., 2013; Allers & Liu,
2013). The current sample of low gravity young L dwarfs is summarised in Table 1.1.
Another red population are the unusually red L dwarfs with thick and dusty atmo-
spheres that do not belong to Young Moving Groups and are not young, as confirmed
by their kinematics. In an attempt to understand these objects, Marocco et al. (2014)
applied simple de-reddening curves to their spectra. As L dwarf atmospheres have dif-
ferent compositions to the interstellar dust, this procedure was improved by considering
extinction curves for corundum, enstatite and iron, the most abundant dust species in L
dwarf atmospheres. The de-reddened spectra look very similar to the spectra of normal L
dwarfs of corresponding spectral types. This indicates that these unusual objects can be
explained by large amounts of dust in their atmospheres, leading to the cloud deck being
optically thick. This can be caused by high metallicity or low gravity (like in the young
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R.A. (2000) decl. (2000) SpT Reference
00:04:02.88 −64:10:35.8 L1γ Kirkpatrick et al. (2010)
00:32:55.84 −44:05:05.8 L0γ Cruz et al. (2009)
00:33:23.86 −15:21:30.9 L4β Cruz et al. (2009)
00:37:43.06 −58:46:22.9 L0γ Cruz et al. (2009)
00:45:21.43 +16:34:44.6 L2β Cruz et al. (2009)
01:03:32.04 +19:35:36.2 L6β Kirkpatrick et al. (2000)
01:24:45.99 −57:45:37.9 L0γ :Cruz et al. (2009)
01:26:21.09 +14:28:05.7 L4γ Faherty et al. (2013)
01:41:58.23 −46:33:57.4 L0γ Kirkpatrick et al. (2006); Cruz et al. (2009)1
02:23:54.64 −58:15:06.7 L0γ Cruz et al. (2009)
02:34:00.93 −64:42:06.8 L0γ Kirkpatrick et al. (2010)
02:41:11.51 −03:26:58.7 L0γ Cruz et al. (2009)
03:03:20.42 −73:12:30.0 L2γ Kirkpatrick et al. (2010)
03:23:10.02 −46:31:23.7 L0γ Cruz et al. (2009)
03:45:43.17 +25:40:23.3 L1 Kirkpatrick et al. (1997, 1999); Knapp et al. (2004)
03:55:23.37 +11:33:43.7 L5γ Cruz et al. (2009)
03:57:26.95 −44:17:30.5 L0β Cruz et al. (2009)2
04:06:26.77 −38:12:10.2 L0γ Kirkpatrick et al. (2010)
04:21:07.18 −63:06:02.2 L5β Cruz et al. (2009)
05:01:24.06 −00:10:45.2 L4γ :Cruz et al. (2009)
05:18:46.17 −27:56:45.8 L0γ Cruz et al. (2003)
05:36:19.98 −19:20:39.7 L2γ Faherty et al. (2013)
06:19:12.94 −58:03:20.9 L1 Chauvin et al. (2005)3
07:12:37.86 −61:55:52.8 L1β Cruz et al. (2009)
10:04:20.66 +50:22:59.6 L3β Cruz et al. (2009)4
10:22:48.21 +58:25:45.3 L1β Cruz et al. (2009)
11:12:25.67 +35:48:13.2 L4.5 Kirkpatrick et al. (2000)5
15:51:52.37 +09:41:14.8 L4.0γ Faherty et al. (2013)
15:52:59.06 +29:48:48.5 L0β Cruz et al. (2009)
16:15:42.55 +49:53:21.1 L4γ Geißler et al. (2011); Faherty et al. (2013)
17:26:00.07 +15:38:19.0 L3β Cruz et al. (2009)
17:41:02.78 −46:42:25.5 L7β/γ±2 Schneider et al. (2014)
19:56:47.00 −75:42:27.0 L0γ Cruz et al. (2009)
21:14:08.02 −22:51:35.8 L7±1 Liu et al. (2013)
21:26:50.40 −81:40:29.3 L3γ Cruz et al. (2009)
22:08:13.63 +29:21:21.5 L3γ Cruz et al. (2009)
22:13:44:91 −21:36:07.9 L0γ Cruz et al. (2009)
22:49:53.45 +00:44:04.6 L4γ Geballe et al. (2002); Hawley et al. (2002)6
23:22:46.84 −31:33:23.2 L0β Reid et al. (2008)
23:22:52.99 −61:51:27.5 L2γ Cruz et al. (2009)
1 Archetypical low surface gravity L dwarf
2 Binary (Bouy et al., 2003)
3 AB Pic b
4 G196-3B (Rebolo et al., 1998)
5 Gl417B, Binary
6 In our sample as L7p with χ2 = 72.36
Table 1.1: This table lists all the young low-gravity L dwarfs known in the literature,
including their coordinates, spectral types and the papers they were typed in.
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Figure 1.5: Figure taken from Faherty et al. (2013) shows the triangular H band of the
young and dusty L dwarf 2M0355 (black) compared to a young planetary mass object
(2M1207b, red) and a field L5 dwarf (2M0835, blue).
objects discussed above). If the metallicity is higher than in field dwarfs, this means there
are more metals available in the atmosphere to produce grains, which thicken the cloud
layer and raise the opacity of the brown dwarf (Looper et al., 2008). The dust particles in
the atmosphere make them appear like warm blackbodies that mainly radiate in the NIR
to mid-IR wavelengths which shifts their NIR colours redwards (Ackerman & Marley,
2001). The currently known unusually red L dwarfs are summarised in Table 1.2.
If the de-reddening is continued and the optical depth is increased, the spectra start
looking like the spectra of unusually blue L dwarfs, confirming that the large range of
NIR colours of late-L dwarfs can be explained by the amount and distribution of clouds
and dust in their atmospheres. Some unusually blue L dwarfs are likely unresolved L+T
binaries (Knapp et al., 2004), but not all can be explained by binarity. They show strong
water, FeH and K I features in their NIR spectra, but look normal in the optical wave-
lengths, often leading to different optical and NIR spectral classifications. These spectral
features can be the result of thin and/or large-grained clouds, which cannot be directly
connected to surface gravity or low metallicity (Kirkpatrick et al., 2010). Thin and patchy
clouds could form due to higher surface gravities that lead to a stronger gravitational set-
tling of clouds and stronger CIA of H2. Fewer metal molecules could lower the opacity
and provide fewer elements to produce condensate grains (Cruz et al., 2007; Faherty et al.,
2009). The sample of currently known unusually blue L dwarfs is summarised in Table
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R.A.(2000) decl.(2000) SpT Reference
00:47:01.06 +68:03:52.1 L6.5 Gizis et al. (2012)
02:06:25.26 +26:40:23.6 L9p Kirkpatrick et al. (2011)
04:04:18.01 +41:27:35.5 L3p Kirkpatrick et al. (2014)
13:31:33.10 +34:07:58.3 L1p Kirkpatrick et al. (2010)1
13:58:03.55 +14:58:22.7 L4p Thompson et al. (2013)
16:47:15.59 +56:32:08.2 L9p Kirkpatrick et al. (2011)
18:21:28.15 +14:14:01.0 L5p Looper et al. (2008); Kirkpatrick et al. (2010)
21:48:16.28 +40:03:59.3 L6.5p Looper et al. (2008)
22:27:11.00 –00:45:47.0 L7 Marocco et al. (2014)
22:44:31.60 +20:43:43.0 L7.5p Looper et al. (2008)
23:17:47.12 –48:38:50.1 L6.5p Kirkpatrick et al. (2010)
23:35:27.07 +45:11:40.9 L9p Thompson et al. (2013)
23:51:22.00 +30:10:54.0 L5p Kirkpatrick et al. (2010)
1 In our sample as L1 with χ2 = 10.10
Table 1.2: This table lists all the known unusually red L dwarfs to date, including their
coordinates, spectral types and the papers they were typed in.
1.3.
The last population we discuss are L subdwarfs. These are rare, old, metal-
poor L dwarfs located in the Galactic halo and were first found by Burgasser et al.
(2003). The first L subdwarf discovered, 2MASS J05325346+8246465, has very blue
NIR colours. After using subsolar-metallicity evolutionary models, the mass of 2MASS
J05325346+8246465 was constrained to range from 0.077-0.085M, if ages of 10-15Gyrs
and metallicities between 0.1 and 0.01 of the Sun are assumed. The blue colour is due to
the much stronger collision induced absorption of H2, which is caused by the high surface
gravity, a feature of the old dwarf population. They are hotter than their field dwarf spec-
tral type equivalents, which gives them their blue optical colours. This is caused by the
low metal opacity in the atmosphere. Subdwarfs exhibit halo kinematics and have lower
metallicities due to their greater age and the different Galactic composition at the time of
their formation (Faherty et al., 2009; Gilmore & Reid, 1983). They have strong alkali and
metal hydride spectral features, weakened metal oxide absorption and, at optical wave-
lengths, their Na I and K I lines are pressure-broadened, which is supported by the higher
pressures of their photospheres. This population of objects can be used to constrain the
age and chemical composition of the Galactic halo and also to confirm that substellar
star formation occurred in the early days of the Milky Way. As with the unusually red L
dwarfs, these sources also require a separate spectral type to absolute magnitude relation,
as their colours differ significantly from normal field dwarfs (Burgasser et al., 2003; Gizis
& Harvin, 2006). We summarise the known subdwarfs in Table 1.4.
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R.A. (2000) decl. (2000) SpT Reference
00:15:02.06 +29:59:32.3 L7.5p Kirkpatrick et al. (2010)
03:00:16.31 +21:30:20.5 L6p Kirkpatrick et al. (2010)
04:46:33.45 −24:29:56.8 L5p Thompson et al. (2013)
07:15:52.38 −11:45:32.9 L4p Kirkpatrick et al. (2014)
08:05:31.84 +48:12:33.0 L4(opt),L9±1.5(NIR) Hawley et al. (2002); Knapp et al. (2004)
09:21:14.10 −21:04:44.6 L1.5(opt),L4±1.5(NIR) Reid et al. (2008); Burgasser et al. (2008b)
09:31:09.56 +03:27:32.5 L7.5±1.5 Knapp et al. (2004)
10:33:21.92 +40:05:49.5 L6 Chiu et al. (2006)
10:46:18.75 +44:41:14.9 L5p Kirkpatrick et al. (2010)
11:18:12.92 −08:56:10.6 L6p Kirkpatrick et al. (2010)
11:21:18.57 +43:32:46.5 L7.5 Chiu et al. (2006)
11:26:39.91 −50:03:55.0 L4.5(opt),L6.5±2(NIR) Folkes et al. (2007); Burgasser et al. (2008b)
13:00:42.55 +19:12:35.4 L1(opt),L3(NIR) Burgasser et al. (2008b); Gizis et al. (2000)
13:02:38.11 +56:50:21.2 L3p Kirkpatrick et al. (2010)
13:31:48.92 −01:16:51.4 L6(opt),L8±2.5 Knapp et al. (2004); Hawley et al. (2002)
14:22:27.25 +22:15:57.1 L6.5 Chiu et al. (2006)
14:31:30.97 +14:36:53.9 L2(opt),L3.5±1.5 Sheppard & Cushing (2009); Zhang et al. (2009)
14:40:31.86 −13:03:26.3 L1p Kirkpatrick et al. (2010)
17:11:45.59 +40:28:57.8 L5(opt),L5±2(NIR) Radigan et al. (2008)
17:21:03.90 +33:44:16.0 L3(opt),L5±1(NIR) Cruz et al. (2003); Burgasser et al. (2008b)
17:26:40.20 −27:38:03.0 L5±1 Beamı´n et al. (2013)
17:43:08.60 +85:26:59.4 L5p Luhman et al. (2012)
19:49:57.02 +62:22:44.0 L2p Kirkpatrick et al. (2010)
21:51:39.79 +34:02:44.4 L7p Kirkpatrick et al. (2010)
Table 1.3: This table lists all the unusually blue L dwarfs known to date, including their
coordinates, spectral types and the papers they were typed in.
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R.A. (2000) decl. (2000) SpT Reference
00:13:54.39 +06:34:48.2 sdT8 Pinfield et al. (2014)
00:14:50.17 −08:38:23.4 sdL0 Kirkpatrick et al. (2014)
00:43:26.26 +22:21:24.0 sdL1 Kirkpatrick et al. (2014)
00:41:21.79 +35:47:13.3 sdL? Burgasser (2004a)
00:57:57.64 +20:13:04.0 sdL7 Kirkpatrick et al. (2014)
02:02:01.25 −31:36:45.2 sdL0 Kirkpatrick et al. (2014)
02:12:58.07 +06:41:17.6 sdL0.5 Espinoza Contreras et al. (2013)
03:06:01.66 −03:30:59.0 sdL0 Kirkpatrick et al. (2014)
03:33:50.84 +00:14:06.1 sdL0 Lodieu et al. (2012a)
04:35:35.82 +21:15:08.9 sdL0 Kirkpatrick et al. (2014)
04:59:21.21 +15:40:59.2 sdL0 Kirkpatrick et al. (2014)
05:32:53.46 +82:46:46.5 sdL7 Burgasser et al. (2003)
06:16:40.06 −64:07:19.4 sdL5 Cushing et al. (2009)
06:45:31.53 −66:46:12.0 sdL8 Kirkpatrick et al. (2010)
08:33:37.83 +00:52:14.2 sdT9 Pinfield et al. (2014)
11:58:20.77 +04:35:01.4 sdL7 Kirkpatrick et al. (2010)
12:44:25.90 +10:24:41.9 sdL0.5 Lodieu et al. (2012b)
12:56:37.10 −02:24:52.5 sdL3.5 Sivarani et al. (2009); Burgasser et al. (2009)
13:16:10.28 +07:55:53.0 sdT6.5 Burningham et al. (2014)
13:50:58.86 +08:15:06.8 sdL4-sdL6 Lodieu et al. (2010)
14:14:05.74 −01:42:02.7 sdL0.5 Espinoza Contreras et al. (2013)
14:16:24.08 +13:48:26.7 sdL7 Schmidt et al. (2010)
16:26:20.34 +39:25:19.0 sdL4 Burgasser et al. (2007a)
17:56:10.80 +28:15:23.8 sdL1 Kirkpatrick et al. (2010)
20:40:27.30 +69:59:24.1 sdL0 Kirkpatrick et al. (2014)
20:05:20.38 +54:24:33.9 sdT8 Mace et al. (2013b)
Table 1.4: This table lists all the LT subdwarfs known in the literature, including their
coordinates, spectral types and the papers they were typed in.
This thesis is structured in the following way. In Chapter 2 we introduce a new method
we developed that can classify brown dwarfs based on photometry alone (photo-type).
We also show how we produce the templates used for classification and determine its ac-
curacy and completeness. In Chapter 3 we present the sample produced using photo-type
which is the largest homogeneous sample of brown dwarfs to date. In Chapter 4 we use
the sample to search for brown dwarf binary systems, benchmark objects and peculiar
populations. We also calculate the best estimate of the space density of early L dwarfs to
date. The spectroscopic followup done on the IRTF in Hawai’i is described in Chapter 5.
A general search for rare objects in UKIDSS is summarised in Chapter 6 and we conclude
in Chapter 7.
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Chapter 2
Method: χ2 Template Fitting
2.1 Overview
This chapter discusses photo-type, an alternative method we developed to identify and
accurately classify large numbers of L and T dwarfs onto the standard system. photo-
type is based on photometry alone and uses colours of sources to classify brown dwarfs
by comparison against photometric templates of quasars, stars, and brown dwarfs. It
was named in analogy to “photo-z” which is used in extragalactic astronomy to obtain
redshifts of galaxies using only photometry. This is needed as spectroscopic follow up is
time consuming: a NIR spectrum for a brown dwarf with J ∼ 17.5 that is good enough to
use for classification requires about 30min integration time on an 8m class telescope.
Here we describe how the empirical colour templates are derived, and calculate the
accuracy of photo-type for dwarfs ranging from L0 to T8. Using spectroscopy and nu-
merical simulations we find it to be accurate to one sub-type r.m.s., making photo-type
competitive with spectroscopy. We discuss possible sources of incompleteness and anal-
yse if there is any degeneracy in the brown dwarf classifications spectral sequence. We
also give an overview of how to extend photo-type to binary template fitting. The result of
this project is a large, homogeneous sample of L and T dwarfs at high Galactic latitudes
that can be used for population statistics, and is presented in Chapter 3. This will allow
us to calculate the space density of early-L dwarfs.
2.2 Surveys and Telescopes
We give a short overview of the surveys and telescopes used, which range from the op-
tical to the mid-infrared. These wavelengths are ideal, as brown dwarfs are brightest
in those sections of the electromagnetic spectrum. We use the Sloan Digital Sky Survey
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Figure 2.1: This plot illustrates the transmission curves of the five passbands from
Hewett et al. (2006). The three curves describe the system throughput for different at-
mospheric conditions. The thick upper curve is for no absorption at all, the thick middle
curve is for what is defined as default atmospheric conditions (1.3 airmass, 1.0mm wa-
ter), and the thin lower curve shows the throughput for extreme atmospheric conditions
(airmass = 2.0 and water = 5.0mm).
(SDSS, York et al., 2000) in the optical, the UKIRT Infra-red Deep Sky Survey (UKIDSS,
Lawrence et al., 2007) in the near-infrared (NIR) and the Wide-field Infrared Sky Survey
Explorer (WISE, Wright et al., 2010) in the mid-infrared. These surveys provide the best
multi wavelength dataset to find brown dwarfs to date, as the UKIDSS footprint is fully
covered by SDSS, and WISE is all sky.
2.2.1 UKIDSS
The United Kingdom Infra-red Telescope (UKIRT) on Mauna Kea (Hawai’i) is a dedi-
cated near-infrared telescope with a primary mirror of 3.9m which surveyed the sky in
the Northern Hemisphere. UKIDSS reached three magnitudes deeper in the near-infrared
than the Two Micron All-Sky Survey (2MASS, Skrutskie et al., 2006). It was specifi-
cally designed to detect high redshift quasars and ultra cool dwarfs. We use the Large
Area Survey (LAS), which covered 3800deg2 in Y (1.02µm), J (1.24µm), H (1.63µm) and
K (2.20µm), where the 5σ filter depths (in Vega magnitudes) reach Y = 20.2, J=19.6,
H=18.8 and K=18.2. The passbands of all four filters are illustrated in Figure 2.1. If an
object is detected (nominally S/N > 5, see §2.6.2 for more detail) it is put into a cata-
logue. As the data for YJHK is usually not taken simultaneously, each band is reduced
separately and later correlated to the observations in all other bands. Sometimes objects
can be detected in one band, but not in the others as the S/N is too low. Then the image is
available but no magnitudes are quoted.
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Figure 2.2: This plot illustrates the transmission curves of the five optical SDSS pass-
bands taken from Fukugita et al. (1996). The solid line represents the filter throughput
with no atmosphere, while the dotted line assumes an airmass of 1.2.
2.2.2 SDSS
The Sloan Digital Sky Survey (York et al., 2000) is a large area survey in the optical
with five photometric bands ugriz. It is based at the Apache Point Observatory Sloan
Foundation 2.5m telescope in New Mexico. The 9th data release covered 14 555 deg2
and catalogued over 930 million objects. The central wavelengths for ugriz are 0.36,
0.47, 0.62, 0.75 and 0.89µm reaching 5σ depths of 22.3, 23.3, 23.1, 22.3, and 20.8 in
AB magnitudes. The camera filter throughput is illustrated in Figure 2.2 (Fukugita et al.,
1996; Gunn et al., 1998; York et al., 2000). In most of our research, we only use the
reddest of the SDSS bands, as brown dwarfs are extremely red sources usually undetected
in ugr except for the brightest ones, which 2MASS found already. SDSS is calibrated
to the AB magnitude system, therefore an offset has to be introduced in all bands to
work with the UKIDSS Vega magnitudes: uvega = uAB − 0.927, gvega = gAB + 0.103,
rvega = rAB − 0.146, ivega = iAB − 0.366, and zvega = zAB − 0.533 (Hewett et al., 2006).
2.2.3 WISE
WISE, the Wide-field Infrared Survey Explorer, was a dedicated 40cm aperture infrared
telescope in space that observed the whole sky in the mid- and far-IR. Its photometric
bands range from 3 to 25µm and are centred at 2.3 (W1), 4.6 (W2), 12 (W3), and 22µm
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Figure 2.3: This plot taken from Wright et al. (2010) illustrates the transmission curves
of the four IR WISE passbands.
(W4), where we only use the first 2. The WISE band spectral response functions are
plotted in Figure 2.3. The median pixel scale for W1 and W2 is 2.757”/pixel, much
larger than UKIDSS or SDSS. Due to the longer wavelengths, this telescope has a lower
resolution, resulting in many brown dwarfs close to brighter stars being blended.
2.3 photo-type theory
In this section we give a short overview of the theory behind photo-type in an attempt
to explain why it is the best approach to classifying brown dwarfs based on photometry
alone. The notation here follows that in Skrzypek et al. (2014). The min-χ2 approach
represents a simplification of the full Bayesian treatment. The notation is derived from
the Bayesian presentation which was derived by Daniel Mortlock and is presented in the
appendix of Skrzypek et al. (2014).
We have a number of objects with photometric measurements {mˆb} and uncertainties
{σb} for each of the {Nb} passbands (i.e., b ∈ {1, 2, ...,Nb}). We want to determine the
probability Pr(t|{mˆb}, {σb},Nt) that an object is of type t, when there are Nt types of astro-
nomical objects (t ∈ {1, 2, ...,Nt}). Assuming that the source is indeed of one of the above
types, this is expressed by Bayes’s theorem:
Pr(t|{mˆb}, {σb},Nt) = Pr(t|Nt)Pr({mˆb}|{σb}, t)Nt∑
t=1
Pr(t|Nt)Pr({mˆb}|{σb}, t)
. (2.1)
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The marginal likelihood Pr({mˆb}|{σb}, t) is the probability that the observed photometry
can be obtained for an object of type t. Here we assume Pr(t|Nt), the prior probability of
model t (e.g. how common an astronomical object of type t is), to be flat. This approxi-
mation is made as we only search the colour-magnitude space between 13.0 < J < 17.5
and Y − J > 0.8, where very reddened quasars form the main contaminating population
(Hewett et al., 2006). These are easily discriminated against as the marginal likelihoods
are very different, making the priors not very important. In reality the space densities vary
slowly along the MLT sequence, but because all the likelihoods are sharply peaked, the
priors for all sub-types can be approximated as equal.
In the analysis in this thesis we exclude the Eddington bias, though we investigate
and summarise its effect for the sample presented in Chapter 3 here. First we interpolate
the number of late-M dwarfs in our sample, which is done by assuming that the number
of objects per spectral bin follows a power law, where the earliest bin (M9 here) contains
the most objects (due to them being the intrinsically brightest sources, detectable to the
largest distances). Due to the accuracy of photo-type (∼1 spectral type), calculated in §2.7,
we know that an L0 can be classified as M9 or L1, so adjacent bins have to be considered
whenever the Eddington bias is calculated. This means that each spectral bin contains
68.27% of objects of the bin’s spectral type (say L0), while 15.87% are one spectral type
earlier (say M9), and 15.87% a spectral type later (say L1).
We then calculate the Eddington bias corrected number of objects for each spectral
type by adding the 31.87% of objects from the earlier and later spectral type bins (M9 and
L1 here) to the 68.27% from the actual spectral type bin (L0 here). This leads to some
L0s being lost in the L0 bin, while some M9s and L1s are gained, resulting in the number
of objects in the L0 bin being overestimated by 6-8%. Nearly 30% of L0s are probably
M9. This is due to the much larger number of M9 than L0, and calculated by assuming
that 15.87% of M9 were scattered into the L0 bin. These are still interesting as dwarfs
later than M7 are considered ultra cool.
We define templates as spectral energy distributions of unique shapes which depend
on the type of object they describe. Those are stated in magnitude differences between
two bands, cb,t (aka colours), which are defined relative to a band B (J in this thesis) with
cB,t = 0 by design. While we need to calculate mB, which is the offset of the template, it
does not have any physical significance. This means we can integrate it out to obtain the
marginal likelihood Pr({mˆb}|{σb}, t), which describes how likely it is that a t-type object
produces the photometry detected:
Pr({mˆb}|{σb}, t) =
∫ ∞
−∞
Pr(mB|t)Pr({mˆb}|{σb},mB, t)dmB, (2.2)
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where Pr(mB|t) is the prior distribution of mB for objects of t-type (approximately propor-
tional to observed number counts) and Pr({mˆb}|{σb},mB, t) is the likelihood of getting the
measured data given a value for mB.
The measurements obtained in different bands Nb are independent and we approxi-
mate the noise to be gaussian and additive (in magnitude units). We work with magnitudes
rather than fluxes which is justified for high signal-to-noise (S/N). For low S/N it is more
correct to work with fluxes (e.g. Mortlock et al., 2012) where, except for the low-photon
regime, the errors are Gaussian. For the T dwarfs with low S/N in our sample, we use
asinh magnitudes and errors (Lupton et al., 1999) as the resultant χ2 are similar to the
values calculated using fluxes. Under these assumptions the likelihood is given by:
Pr({mˆb}|{σb},mB, t) =
Nb∏
b=1
exp
[
− 12 (mˆb − mB − cb,t)2/σ2b
]
(2pi)1/2σb
, (2.3)
where mB + cb,t is the magnitude predicted in the b-band.
For our measurements we work purely in fluxes and the colours, mˆb − mˆb′ , are never
calculated. If we used observed colours, we would have to incorporate the fact that the
measured magnitude is used to calculate more than one colour. Then we would not be
able to express the likelihood in χ2 statistics. Because of this we can rewrite the above
equation as:
Pr({mˆb}|{σb},mB, t) =
exp[−12χ2({mˆb}, {σb},mB, t)]∏Nb
b=1(2pi)
1/2σb
, (2.4)
where
χ2({mˆb}, {σb},mB, t) =
Nb∑
b=1
(
mˆb − mB − cb,t
σb
)2
. (2.5)
In this thesis we approximate the mB prior distribution to be uniform over all magnitudes,
mathematically expressed as:
Pr(mB|t) = Θ(mB − mB,min)Θ(mB − mB,max) 1mB,max − mB,min , (2.6)
where Θ(x) is a Heaviside step function and mB,min and mB,max are the same for all types
(mmin << mB << mmax). Under these conditions the maximisation of the posterior
amounts to minimising χ2, which results in:
Nb∑
b=1
mˆb − mB − cb,t
σ2b
=
Nb∑
b=1
[
− mB
σ2b
+
mˆb − cb,t
σ2b
]
= 0. (2.7)
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The above equation can also be rewritten as:
Nb∑
b=1
mB
σ2b
=
Nb∑
b=1
mˆb − cb,t
σ2b
, (2.8)
and the weighted mean (aka template offset) is:
mB =
Nb∑
b=1
mˆb − cb,t
σ2b
Nb∑
b=1
1
σ2b
. (2.9)
The program determining photo-type is based on Equation 2.5, which provides the χ2
fit for each template given in §2.4 and Equation 2.9, that calculates the offset for each
template as they are calibrated to J = 0. The template that gives the min-χ2 value for a
source is used as its classification. We summarise the steps necessary to program photo-
type in §2.5.
2.4 Templates
As previously mentioned, photo-type uses templates to classify brown dwarfs. These
are obtained from several different sources. The star and quasar templates used for photo-
type were first published in Hewett et al. (2006) and Maddox et al. (2012). These fit weak,
strong line and reddened quasars [E(B-V)=0.10, 0.20, 0.30, 0.40, 0.50] up to z=3.4, and
a large sample of main sequence stars with known photometry and spectral types. More
details on these can be found in Chapter 6.
The brown dwarf templates from Hewett et al. (2006) are a bit more problematic as
plotting up z − Y against spectral type of the published templates shows an offset when
compared to a database of ∼ 190 brown dwarfs. This is due to the not well understood
decline of the CCD quantum efficiency in the red end of the z-band and illustrated in
Figure 2.4. It can be seen, that the Hewett et al. (2006) templates are on average 0.2
magnitudes redder than the spectroscopically confirmed sources.
We therefore decided to produce our own templates by culling DwarfArchives.org,
Burningham et al. (2013), Day-Jones et al. (2013) and Mace et al. (2013a) for spectro-
scopically confirmed L and T dwarfs in our magnitude range and the UKIDSS footprint,
and the SDSS for spectroscopically confirmed M5 or later dwarfs. This results in 172 ob-
jects from DwarfArchive.org, 18 sources from the recent papers and 107 SDSS MLT
dwarfs that fulfil our criteria. Their izYJHKW1W2 photometry is extracted from SDSS
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Figure 2.4: Plot illustrating the disagreement between DwarfArchive.org spectroscop-
ically confirmed dwarfs (in purple with error bars) and the Hewett et al. (2006) tem-
plates for z − Y (red dots). The template colours are 0.2 magnitudes redder than the
DwarfArchive.org sources.
DR9, UKIDSS DR10 and WISE. Brown dwarfs are intrinsically too faint in ugr which
are therefore excluded from the brown dwarf templates. If you want to modify photo-type
to suit other data, you will have to produce your own templates by fitting the best nth
order polynomials through each colour and calculating the χ2 value. To not over-fit the
data, a higher order polynomial is only considered, if it improves the χ2 by more than 7.
The value 7 is chosen, as an improvement of χ2 by 6.64 for one degree of freedom only
has a 1% probability of happening by chance.
The resulting reduced minimum χ2 (polynomial order) for the different bands are
1.84 (5), 1.81 (4), 1.33 (2), 1.45 (1), 1.62 (5), 1.36 (5), 1.71 (6) and 1.57 (3) for i − z, z −
Y,Y − J (<L7), Y − J (>L8), J −H,H − K,K −W1 and W1−W2 respectively and shown
in Figures 2.5 and 2.6.
Figure 2.7 illustrates the polynomials of each individual colour against spectral type
in relation to each other. The colour at each spectral class is noted and used as the new
template value (see Table 2.1) and the polynomial coefficients are summarised in Table
2.2. In this way the classification is ultimately tied to the templates that define spectral
types for L and T dwarfs. Spectral types with flat polynomial colour relations are less
accurately classified than spectral types with steep curves.
Here we give a short overview of the usefulness of each colour for classification. The
45
2.4 Templates Chapter 2: Method: χ2 Template Fitting
Figure 2.5: Plot of i − z vs. spectral type: The black data points represent the spectro-
scopic classifications of known dwarfs with errors. The red line is the polynomial that fits
the data best (i.e. gives the smallest χ2). The reduced χ2 is 1.84 for i − z. The values of
the polynomial at regular intervals are used as templates for dwarfs with spectral classes
between M5 and T8.
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Figure 2.6: Plot of colour (z−Y,Y − J, J −H,H −K,K −W1, and W1−W2) vs. spectral
type: The black data points represent the spectroscopic classifications of known dwarfs,
with errors. The red line is the polynomial that fits the data best (i.e. gives the smallest
χ2). The reduced χ2 are 1.84 (5), 1.81 (4), 1.33 (2), 1.45 (1), 1.62 (5), 1.36 (5), 1.71 (6)
and 1.57 (3) for z − Y,Y − J (<L7), Y − J (>L8), J − H,H − K,K − W1 and W1 − W2
respectively. The values of the polynomial at regular intervals are used as templates for
dwarfs with spectral classes between M5 and T8. The vertical axis is on the same scale
as Figure 2.5.
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Figure 2.7: The colour polynomials for Figure 2.5 and Figure 2.6 are all shown together.
The plot illustrates which colours dominate the classification of dwarfs for which spectral
class.
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Spectral Type i-z z-Y Y-J J-H H-K K-W1 W1-W2
M5 0.91 0.47 0.55 0.45 0.32 0.11 0.17
M5.5 1.22 0.54 0.61 0.49 0.36 0.18 0.19
M6 1.45 0.60 0.67 0.53 0.39 0.22 0.21
M6.5 1.64 0.65 0.72 0.55 0.42 0.24 0.23
M7 1.77 0.70 0.77 0.56 0.44 0.25 0.24
M7.5 1.86 0.74 0.83 0.57 0.46 0.26 0.25
M8 1.93 0.77 0.87 0.58 0.47 0.26 0.26
M8.5 1.97 0.80 0.92 0.59 0.49 0.26 0.27
M9 1.99 0.82 0.96 0.60 0.51 0.27 0.27
M9.5 2.00 0.84 1.00 0.61 0.52 0.27 0.27
L0 2.01 0.86 1.04 0.63 0.54 0.29 0.27
L0.5 2.01 0.87 1.08 0.65 0.56 0.31 0.28
L1 2.02 0.88 1.11 0.67 0.58 0.33 0.28
L1.5 2.03 0.89 1.15 0.70 0.60 0.36 0.28
L2 2.04 0.90 1.18 0.73 0.63 0.40 0.28
L2.5 2.07 0.91 1.20 0.76 0.65 0.44 0.28
L3 2.10 0.92 1.23 0.79 0.67 0.48 0.29
L3.5 2.14 0.93 1.25 0.82 0.69 0.52 0.29
L4 2.20 0.94 1.27 0.86 0.71 0.56 0.30
L4.5 2.26 0.95 1.29 0.89 0.72 0.61 0.31
L5 2.33 0.97 1.31 0.91 0.74 0.65 0.32
L5.5 2.42 0.98 1.32 0.94 0.75 0.68 0.34
L6 2.51 1.00 1.33 0.96 0.75 0.72 0.36
L6.5 2.61 1.02 1.34 0.97 0.75 0.74 0.38
L7 2.71 1.04 1.35 0.97 0.75 0.77 0.41
L7.5 2.82 1.06 1.28 0.97 0.73 0.78 0.44
L8 2.93 1.09 1.20 0.96 0.71 0.79 0.48
L8.5 3.04 1.12 1.20 0.93 0.69 0.79 0.52
L9 3.15 1.16 1.20 0.90 0.65 0.79 0.57
L9.5 3.25 1.19 1.20 0.85 0.61 0.77 0.62
T0 3.36 1.23 1.19 0.80 0.56 0.76 0.68
T0.5 3.45 1.28 1.19 0.73 0.51 0.73 0.74
T1 3.55 1.33 1.19 0.65 0.45 0.71 0.82
T1.5 3.63 1.38 1.18 0.56 0.38 0.68 0.90
T2 3.70 1.43 1.18 0.46 0.31 0.65 0.99
T2.5 3.77 1.49 1.18 0.36 0.24 0.62 1.08
T3 3.82 1.55 1.18 0.25 0.16 0.59 1.19
T3.5 3.86 1.61 1.17 0.14 0.09 0.57 1.30
T4 3.90 1.68 1.17 0.02 0.01 0.55 1.43
T4.5 3.93 1.74 1.17 -0.09 -0.05 0.54 1.56
T5 3.95 1.81 1.16 -0.19 -0.11 0.54 1.70
T5.5 3.96 1.89 1.16 -0.28 -0.16 0.56 1.86
T6 3.98 1.96 1.16 -0.35 -0.19 0.59 2.02
T6.5 3.99 2.03 1.15 -0.41 -0.21 0.64 2.19
T7 4.01 2.11 1.15 -0.43 -0.20 0.70 2.38
T7.5 4.04 2.19 1.15 -0.41 -0.16 0.79 2.58
T8 4.08 2.26 1.15 -0.36 -0.09 0.90 2.79
Table 2.1: The table lists the i − z, z − Y,Y − J, J − H,H − K,K − W1, and W1 − W2
template colours (in Vega) for dwarfs ranging from M5 to T8. These were empirically
derived from spectroscopically confirmed objects by using polynomial fitting.
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Colours a0 a1 a2 a3 a4 a5 a6
i − z –9.251 +3.99519 –0.540767 +0.03437326 –0.001010273 +1.114655e-05 0
z − Y –0.942 +0.44857 –0.040668 +0.00157836 –1.9718e-05 0 0
Y − J (<L7) –0.174 +0.16790 –0.004615 0 0 0 0
Y − J (>L8) +1.312 –0.00592 0 0 0 0 0
J − H –2.084 +1.17016 –0.199519 +0.01610708 –0.000593708 +7.94462e-06 0
H − K –1.237 +0.69217 –0.114951 +0.00946462 –0.000361246 +5.00657e-06 0
K −W1 –4.712 +2.37847 –0.444094 +0.04074163 –0.001910084 +4.367540e-05 –3.83500e-07
W1 −W2 –0.364 +0.17264 –0.015729 +0.00048514 0 0 0
Table 2.2: This table lists the polynomial coefficients for each colour vs spectral type
template, defined the following way: Colour =
N∑
b=0
ab× (SpT)b. The 7 colours are i−z, z−
Y,Y − J, J − H,H − K,K −W1 and W1 −W2. SpT is the spectral type and is defined as
follows: M5 = 5.0, L0 = 10.0, T0 = 20.0, where the polynomials are valid from M5-T8.
i− z relation covers the largest colour range, spanning 4 magnitudes between M5 and T8.
It is relatively steep, with the exception of objects with M9-L3 where it remains relatively
constant. For T dwarfs it is not very well defined due to their intrinsic faintness in those
bands. This results in large errors as the objects are near the detection limit of SDSS. One
of the advantages of χ2 fitting is that less weighting is given to objects with larger errors,
meaning that the i − z colour will have little influence on the photo-type classification for
T dwarfs. Due to the large number of colours used in photo-type, this uncertainty does
not influence our classification process, and we therefore do not have to worry about it.
The z − Y colour becomes slightly redder for objects earlier than T0 (∆mag = 0.7),
and then increases more rapidly towards later types (1.2 at T0, and 2.2 at T8). While late
T dwarfs are still faint in SDSS, they have smaller errors in z than in i. Combining this
with their relatively small errors in Y , this colour template is far more reliable than i − z
and contributes to the classification of T dwarfs.
For the Y−J colour (illustrated in Figure 2.8) a 4th order polynomial gives the best fit
to the data with a reduced χ2 of 1.41 (plotted in red). While this χ2 would be acceptable,
it can be seen that the polynomial does not fit the data to a satisfactory level as there
appears to be a discontinuity around L7-L8. The break becomes more apparent, when our
sample from Chapter 3 is plotted. We attempt to solve this issue by fitting a second order
polynomial up to L7 and a first order polynomial for >L8, connecting them with a straight
line (illustrated in purple). The relation is relatively steep between L0-L7 and becomes
shallower for L8-T8. It is also very useful to differentiate between late M and L dwarfs.
The discontinuity can be traced to the disappearance of FeH absorption lines, resulting in
bluer brown dwarf colours. As the absorption is deepest in Y , it has the strongest effect
in Y − J making the objects 0.1mag bluer. Paul Hewett (priv. comm.) produced synthetic
colours for L and T dwarfs from spectra (illustrated in Figure 2.9), which confirm the
discontinuity at L7/L8.
The J−H colour becomes slightly redder for spectral types M5-L8 (∆mag = 0.5) and
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Figure 2.8: This plot shows our sample of 1056 objects classified using izYJHKW1W2
from Chapter 3 plotted in yellow, including their errors. The forth order polynomial fitted
to the previously discussed templates is overplotted (red), but does not represent the data
correctly. A much better result is obtained by fitting two separate polynomials to the data
with <L7 and >L8 shown in purple.
Figure 2.9: This plot illustrates the Y − J colours Paul Hewett obtained from the Prism
Library Brown Dwarf Spectral Standards. They clearly show that the discontinuity is
located between L7 and L8.
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then turns around to become bluer until T6 (∆mag = 1.3). This is mostly caused by the
methane absorption becoming stronger (clearly visible in Figure 3 of Kirkpatrick, 2005)
in the H band throughout the T sequence, but also due to CIA of H2 and the gravitational
settling of dust leading to T dwarf atmospheres becoming clearer. J −H remains constant
from T6-T8, but is very useful to separate out late dwarfs with spectral types >L8.
The H−K colour behaves similarly to J−H, but in a less extreme fashion. It reddens
slowly from M5-L7 (∆mag = 0.4), and then also becomes significantly (∆mag = 1) bluer.
Again this is due to methane absorption in the H and K band which strengthens with later
spectral types. Another factor contributing to the blue colour is CIA of H2 in K. After
T6.5 it reddens again slightly. Again, this colour can contribute to the classification of T
dwarfs in our sample.
K − W1 remains constant for M dwarfs and gradually becomes redder from L0-L7
(0.5mag). It plateaus for late-L dwarfs and becomes slightly bluer for the early and mid
T dwarfs, just to move to redder colours again at >T5. It is helpful in separating out M
dwarfs as they are bluer than any other spectral type. A drop by over 0.2 magnitudes at
T4 cannot be fitted well with any polynomial (see Figure 2.10). We attempted to split this
polynomial into two, where a 3rd order polynomial is fitted to sources earlier than T4,
and a first order one for anything later. There is evidence that the curve should still dip
more strongly near T5. We therefore decided to leave the single sixth order polynomial as
our template. Due to the large number of photometric bands involved this misfit of data
should not influence our classification process significantly. This is also due to the larger
errors of the T dwarfs in this plot.
The W1 −W2 colour is relatively flat between M5-L5, but changes significantly for
later objects and is therefore of great help in the classification of late-L and T dwarfs.
Due to the large number of photometric bands and colours used in photo-type we
can deal with incompleteness in photometry in any band. It can be used for classifying
sources with any combination of the izYJHKW1W2 optical to mid-infrared bands as long
as there are detections in at least two of the above bands. The three colours that summarise
all templates in the best way and include most of the information needed for classification
are z−J, J−K and K−W2. As expected the classification becomes more accurate the more
bands are involved. In this work we generally only classified sources with the full band
coverage, but an exception was made for sources blended in WISE and SDSS dropouts.
The SDSS dropout retrieving process is discussed in §2.6.1.1. If the source is also missing
off WISE we only use the UKIDSS YJHK bands for classification.
For each L or T dwarf we are interested in the shape of the spectral energy distribu-
tion (SED), as this defines the type of object. The different izYJHKW1W2 magnitudes of
these SEDs are all uncorrelated, and therefore so are their errors. We convert all magni-
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Figure 2.10: This plot shows our sample of 1056 objects from Chapter 3 plotted in
yellow, including their errors. A sixth order polynomial is fitted between M5 and T8
(red), but does not represent the data perfectly around T5. We attempted to solve this by
fitting two polynomials, a 3rd order for <T4 and a 1st order for >T4.5 (purple), but the
dip to bluer colours at T4 is still not well reproduced.
tudes to relative magnitudes where J=0 and plot the SED shape for each template ranging
from L0 (red) to T8 (blue) in Figure 2.11.
Once we plot up the colour vs. spectral type relation of the templates (Figures 2.5
and 2.6), it is evident that there is an intrinsic scatter larger than the photometric error in
the spectroscopically confirmed brown dwarfs that has to be quantified. This scatter (mea-
sured relative to a polynomial fit) is most likely caused by unresolved binaries, clouds,
metallicity or surface gravity effects. Mathematically this is given by:
Nσ2d = Nσ
2
i +
N∑
i=1
σ2e , (2.10)
where σd is the scatter in the data and obtained using robust estimators, σi is the intrinsic
scatter per object we are interested in, σe are the photometric error of all the data points
and N is the number of sources used in the calculation. The final equation giving the
intrinsic scatter per object is:
σ2i =
Nσ2d −
∑N
i=1 σ
2
e
N
. (2.11)
The resulting values for i − z, z − Y,Y − J, J − H,H − K,K − W1, and W1 − W2 are
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Figure 2.11: This plot illustrates the shape of the template SED for all dwarfs, ranging
from L0 (red), to T0 (greenish) and T8 (blue). The bluer colours for T dwarfs in J − K
are clearly visible in the plot.
0.10, 0.11, 0.06, 0.05, 0.04, 0.08, and 0.05 respectively. The colour scatter is much larger
in the SDSS bands, caused mainly by the intrinsic faintness of T dwarfs. It is hard to
quantify, because i − z includes many objects of low S/N where asinh magnitudes were
used. The average scatter in colour is 0.07, equivalent to a scatter of 0.05 in magnitude,
which is added in quadrature to the photometric error of each source to produce the above
polynomial relations.
2.5 photo-type procedure
In this section we discuss what steps are needed to classify brown dwarfs using photo-
type. We search the 10th UKIDSS LAS Data Release and the SDSS DR9 for potentially
interesting objects. Because the UKIDSS footprint is fully within the SDSS DR9, we
have izYJHK photometry for all sources. We only consider the magnitude range 13.0 <
J < 17.5 and require objects to be stellar, ie. have −4 < mergedclassstat < 4. The
bright magnitude limit at J = 13.0 is enforced to avoid saturation in any bands. The
faint limit at J = 17.5 is chosen after we analysed the SEDs of L and T dwarfs and their
respective detection limits in all bands. Sources brighter than J = 17.5 are essentially
detected in all the bands YJHK. More details on this can be found in §??. We remove
objects with untrustworthy photometry in one or several bands, by requiring the quality
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flag pperrbits to be ≤ 255 in each band and applying a colour cut at Y − J > 0.8. The
cut off is chosen as the bluest Y − J template of any L or T dwarf is L0, with Y − J = 1.04
(illustrated in §2.4).
The intrinsic scatter of 0.05 has to be added in quadrature to the photometric errors
in the data, as discussed in §2.4. The templates are moved to different magnitudes to
fit the real data by shifting it to the weighted mean mB (Equation 2.9). Once said offset
is introduced the reduced χ2 (Equation 2.5) can be calculated for each template. The
template with the smallest reduced χ2 value is chosen as the best fit, i.e. the spectral type
of the source.
The classification process is split into two parts, because not all sources have
good WISE photometry or detections, and because the extraction of WISE data is te-
dious. 7.3% of brown dwarfs in our sample are blended in WISE, with only ULAS
J211045.61+000557.06 (L1.5) being a real WISE dropout. This is due to WISE hav-
ing a lower resolution and therefore larger probability for blends than the other two sur-
veys. For each source classified as M6 or later using SDSS+UKIDSS, we attempt to
extract the WISE W1 and W2 magnitudes and conduct another χ2 fit using templates
with SDSS+UKIDSS+WISE izYJHKW1W2 photometry. This gives us the most accu-
rate photometric classification of brown dwarfs. If a source is undetected in WISE, we
keep our izYJHK classifications and note it down as SpT:. The accuracy of classifications
without WISE is obviously lower than with WISE.
All sources with spectral types of L0 or later are visually inspected in all three surveys
(SDSS+UKIDSS+WISE). Objects with unreliable photometry in one of the izYJHK pho-
tometric bands are removed. The spectral energy distributions of the remaining sources
are plotted up. WISE blends can be easily picked out by comparing the WISE and
UKIDSS images and appear anomalously bright in W1 and W2. If there is a problem
with the WISE photometry, it is removed and we return to the izYJHK classification from
before. Sources classified as M dwarfs when only izYJHK bands are used, are removed.
The remaining objects , i.e. our sample are presented in Chapter 3.
2.6 Sample Completeness
In this section we discuss potential sources of incompleteness. The main reasons for
missing objects are detection limits, in particular the i, z and K bands and incompleteness
due to the matching radii within surveys or between surveys. If those are too small, this
results in the mismatching or missing of fast moving objects.
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2.6.1 Incompleteness due to detection limits
In Figures 2.12 and 2.12 we plot the magnitude of objects with spectral types between L0-
T8 if they had J = 17.5 i.e. our samples magnitude limit. We also plot the 5σ detection
limits for each band stated in literature and analyse if any sources fall below it. Most
objects will be undetected in i as any source with L5 or later falls below the 5σ detection
limit. Because of the way SDSS works, an object that is detected in z will also have its
flux measured in i. This means that we only fall below the SDSS detection limit for mid-
to late-T dwarfs. This incompleteness is discussed in more detail in §2.6.1.1.
For YJH we are well above the 5σ detection limit and therefore do not have to worry.
The situation is different for K where very late T dwarfs can fall below. This is discussed
in more detail in §2.6.2.
The detection limits in WISE work on a similar basis as the SDSS ones. If a source
is detected in one of the WISE bands, but falls below the 5σ detection limit for one of
the others, its photometry will still be calculated and remains in the catalogue assuming
the detection is above 2σ. If the detection is below 2σ an upper limit is quoted. WISE
should not miss any sources earlier than mid-T dwarfs. While T3 dwarfs fall below the
5σ W1 limit, only a small number of T4-T6 fall below the W2 5σ detection limit and
will therefore be missing off WISE completely. As we do not require our sources to have
WISE detections, this is not a problem, even though sources classified without W1W2
have larger uncertainties in their spectral types.
2.6.1.1 SDSS iz incompleteness
From inspecting Figure 2.12 we can see that there is incompleteness in iz. To determine
the extend thereof, we produce synthetic catalogues of sources with 1000 objects for each
J from 15.0-19.0 (in 0.05 mag steps) and spectral types ranging from L0-T8. Realistic
5σ photometric errors (∆m) have to be added to the synthetic brown dwarfs to reproduce
their photometry correctly and determine the completeness fraction in iz. This is done
using
m + ∆m = mL − 2.5 log[10−0.4(m−mL) + r5], (2.12)
where r is a random number drawn from a normal distribution with mean zero and stan-
dard deviation 1 [0,1] and ML is the limiting magnitude for the relevant bands. Note that
this correctly starts from a Gaussian distribution in flux rather than in magnitude. At
J = 17.5 (our sample limit), about 20% of T5 dwarfs are undetected in SDSS, but the
fraction of sources undetected in all other bands remains negligible.
We design a procedure to recover missing T dwarfs, as incompleteness becomes
greater with later spectral types. We start with the UKIDSS LAS catalogue and search
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Figure 2.12: The horizontal lines plot the 5σ detection limit for izYJ while the curves
plot the magnitude of a source at the sample limit J = 17.5.
Figure 2.13: The horizontal lines plot the 5σ detection limit for HKW1W2 while the
curves plot the magnitude of a source at the sample limit J = 17.5.
57
2.6 Sample Completeness Chapter 2: Method: χ2 Template Fitting
Figure 2.14: This plot shows the completeness of the sample if a 5σ detection is required
in YJHK and SDSS (i or z). Spectral types later than T2 will have dropped below the z
detection limit by J=17.5. Once SDSS dropouts are included, this sample is complete.
The spectroscopically confirmed sources in our sample are overplotted as black crosses.
SDSS for the nearest source in a 10′′ radius. We then take the SDSS coordinates and find
the closest UKIDSS source. If these are the same, we know the object has been correctly
matched. If a UKIDSS object is undetected in SDSS, it will be matched to the closest
SDSS source available. This will be a different object, with its own UKIDSS counterpart.
By finding these incorrectly matched sources, we can visually inspect the area of sky in
both UKIDSS and SDSS and retrieve any iz dropouts. Some of these objects are not true
dropouts, as they are still visible in the SDSS images. We do aperture photometry on those
and obtain magnitudes that we include in the classification process. There are also cases
where there are no other sources within 10′′. These are visually inspected and if there is
no red source in its vicinity, it is considered a true SDSS dropout. Figure 2.14 shows the
incompleteness of the sample, when we require 5σ detections in i or z and YJHK. The
sample limit was chosen as J = 17.5 because this is where some objects drop below the
detection limit in K. This is discussed in more detail in §2.6.2.
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2.6.2 K-band Incompleteness
The only other band from the set of izYJHK that could potentially have sources drop
below its detection limit is the UKIDSS K band if an intrinsic scatter is considered. While
J magnitudes ranging from 13.0 to 17.5 are relatively bright for UKIDSS, the blueness of
late T dwarfs in J − K makes them faint in K.
To determine the completeness in K accurately requires modelling three effects: (1)
the distribution of depths over the UKIDSS fields, (2) modelling the UKIDSS detection
algorithm in terms of a detection limit (i.e. number of σ), and (3) integrating over the
whole volume.
Mitesh Patel determined (2) in his thesis by using the overlap between the LAS and
the DXS (Deep Extragalactic Survey). The DXS is much deeper with 5σ detection limits
of J = 22.3 and K = 20.8 (Lawrence et al., 2007). It is therefore unaffected by incom-
pleteness at K ∼ 18.0 and provides a true population of stellar objects in some LAS fields.
At the LAS survey limit many sources that are not point sources are classified as such.
The true distribution of point sources at K ∼ 18.0 can be obtained from the DXS and
is sampled to determine the real LAS depth. They take the DXS stars and model the
expected counts in LAS assuming that objects above 5σ (σ = 1S/N ) are detected, which
leads to a wrong predicted distribution. Instead the detection algorithm is well modelled
by assuming objects above 4σ are detected in K. As K is deeper than previously assumed,
this means fewer sources fall below the limit.
The percentage of those objects at J = 17.5 is modelled using the depth distribution
for K in all LAS fields. The 4σ K depth distribution may be approximated as a Gaussian
with µ = 18.53 and σ = 0.18 and was obtained from an SQL query outlined in Dye et al.
(2006). It is:
KLim = 18.53 + (0.18rLim), (2.13)
where rLim is a random number drawn from a normal distribution and KLim is the 4σ
limiting magnitude of the field.
We produce 10 000 000 synthetic objects for each of the 18 spectral types used here
at K magnitudes corresponding to J = 17.5 and calculate their random errors assuming
that the detection limit corresponds to 4σ. Mathematically this is expressed as
∆K = KLim − 2.5 log
[
10−0.4(K−KLim) +
r
4
]
− K, (2.14)
where r is a random number drawn from a normal distribution. If K + ∆K > KLim, the
source is below the detection limit of its field. A subset of 10 000 synthetic sources for
each spectral type is illustrated in Figure 2.15. The incompleteness (red objects) is very
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Figure 2.15: This Figure plots K vs. SpT and highlights the sources below the detection
limit (in red), while the other sources are plotted in yellow. The two distributions overlap
and due to the red population being overplotted over the yellow, the full range of the latter
cannot be seen in the plot. We did not plot errors on this plot to avoid confusion. The
Figure uses 10 000 iterations for each spectral type.
low for all spectral types: T5 (0.45%), T6 (5.47%), T7 (8.31%), and T8 (1.97%).
To reproduce the intrinsic scatter in colour previously discussed in our synthetic ob-
jects, we use the slightly modified equation:
Knew = K + ∆K + 0.05 = KLim − 2.5 log
[
10−0.4(K−KLim) +
r
4
]
+ 0.05rK , (2.15)
where rK is a random number drawn from a normal distribution. This is illustrated in
Figure 2.16 and gives very similar incompleteness as before: T5 (0.27%), T6 (1.74%), T7
(11.08%), and T8 (1.32%), but has a larger scatter compared to Figure 2.15. This is due
to the intrinsic scatter of 0.05 used here. Both plots show that we only lose a very small
fraction of T6 and later dwarfs at the sample limit.
We are interested in the total incompleteness in K for the whole sample with 13.0 <
J < 17.5. To model this, we calculate K magnitudes for the whole range of J magnitudes
and spectral types and integrate over the volume surveyed:
C =
∫ rlim
0
ρc(r)Ωr2dr∫ rlim
0
ρ1Ωr2dr
, (2.16)
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Figure 2.16: This Figure plots K vs. SpT and highlights the sources below the detection
limit (in red), while the other sources are plotted in yellow. The two distributions overlap
and due to the red population being overplotted over the yellow, the full range of the
latter cannot be seen in the plot. This plot is for sources including intrinsic errors, which
slightly increases the scatter compared to Figure 2.15. We do not plot the errors here to
avoid confusion. The Figure uses 10 000 iterations for each spectral type.
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where ρ is the space density of dwarfs of certain spectral types, Ω is the solid angle we
observe, c(r) is the completeness for the spectral types and r is the radius of the volume
surveyed. ρ and Ω cancel out, which gives:
C =
∫ rlim
0
c(r)r2dr∫ rlim
0
1r2dr
. (2.17)
From m − M = 5(log r − 1) we determine that
r = α100.2m = α exp[0.2m ln(10)], (2.18)
where α is a constant that differentiates out. By differentiating with respect to m, we
obtain dr given below
dr
dm
= 0.2α ln(10) exp[0.2m ln(10)], (2.19)
dr = 0.2α ln(10)100.2mdm, (2.20)
which lets us convert the equation into the completeness based on magnitude bins. This
gives:
C =
∫ 17.5
13.0
c(m)100.6mdm∫ 17.5
13.0
100.6mdm
. (2.21)
The incompleteness for each spectral type and magnitude is calculated using
c(m) = 1 − x
y
, (2.22)
where x is the number of objects below the detection limit, y = 250 000 is the number of
objects per spectral type in each magnitude bin, and c(m) ranges from 0-1. Converting
this to percentages gives incompleteness of 0.04% (T5), 0.56% (T6), 1.10% (T7), and
0.20% (T8) for the different spectral types over the whole surveyed magnitude range.
This means, we only miss about 1% of T7s and less than 1% of T6s over the surveyed
volume.
2.6.3 Incompleteness due to proper motion
While comparing our data to DwarfArchives.org, we noticed that we missed an object
due to its large proper motion, so we analysed this in more detail. This source is ULAS
J092906.74+040957.8, a T6.5 brown dwarf discovered by Kirkpatrick et al. (2011) that
has no K observations matched to its YJH. This is due to the source moving rather
quickly and the Y and K band coordinates being more than 2′′ apart. Because UKIDSS
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does not observe YJHK at the same time, the pipeline matches sources in different bands
afterwards. The ra and dec of the shortest wavelength (Y in our case) are used as the
baseline. The K ra and dec are 2.057′′ away from the Y coordinates, therefore UKIDSS
does not recognise it as belonging to the correct YJH observations.
We used two methods to quantify the problem of proper motions in UKIDSS. In
Figure 2.17 we plotted the days between observations of all DwarfArchives.org objects
(in red) and our sample from Chapter 3 (in black) against the largest displacement between
Y and J,H or K. Figure 2.17 indicates that ULAS J0929+0409 is unique, and a matching
radius of 2′′ should indeed be large enough to not miss a significant fraction of brown
dwarfs due to high proper motions. Recall also that because the DwarfArchives.org
sources were detected using SDSS or shallower NIR surveys (e.g. 2MASS), they are the
bright L and T dwarfs closer to us, and therefore on average have larger proper motions
than the sources in our fainter sample.
The only other spectroscopically confirmed L or T dwarf with a displacement of over
1′′ is the sdL7 subdwarf 2MASS J11582077+0435014 from Kirkpatrick et al. (2010),
which has a higher space velocity than most field brown dwarfs due to exhibiting halo
kinematics. No DwarfArchives.org source was missed due to having moved more than
10′′ between the different surveys. Therefore we conclude that we lose < 1% of sources to
high proper motion as they move more than 2′′ between observations in different UKIDSS
bands.
The second way to quantify the incompleteness is to use the sample from Chapter 3.
We extract the maximum time between observations in Y and J/H/K (black dots in Figure
2.17) and treat these as representative of the distribution g(t) of times between observa-
tions in UKIDSS for particular fields. Most UKIDSS YJHK observations of a particular
field were taken less than two years apart (illustrated in Figure 2.18). We estimate the
distance to all sources in our sample using the J apparent magnitude and the J absolute
magnitude obtained from the absolute magnitude vs. spectral type relation in Dupuy &
Liu (2012). This is now assumed to be representative of the distribution of distances f (d)
of field L and T dwarfs. We treat these two distributions as independent and use them to
quantify the incompleteness of the sample in terms of tangential velocities. We imagine
all sources have a particular tangential velocity vt ranging from 0-250km/s and calculate
the proper motions of all objects at distance d. Then we quantify the fraction of objects
that have moved more than 2.0′′, given g(t). Once we integrate over f (d), we get the
total incompleteness for the given vt. This is illustrated in Figure 2.19. We determine
that for L and T dwarfs in the Galactic thin disk, which have a velocity dispersion of
σ ∼50km/s (Seifahrt et al., 2010), the incompleteness due to proper motion is negligible
(< 0.5%). For rare faster moving sources (e.g. thick disk brown dwarfs and subdwarfs
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Figure 2.17: A plot of proper motions between Y and either J, H, or K, depending
on which band has the largest displacement in relation to Y . The red dots represent
DwarfArchives.org objects, while the black dots are objects in our sample presented
in Chapter 3. It can be seen, that the number of objects with displacement larger than 2′′
between two bands is negligible.
in the Galactic halo), the incompleteness is still very small. Even at vt =250km/s only
< 8% of sources will be missed. This justifies the original assumption that f (d) is a good
representation of the real population. While the completeness calculated here is for the
whole sample, it depends on magnitude, which means that more brighter (nearer) sources
will have been missed due to proper motion than further away (fainter) ones.
2.6.4 Confusion with other astronomical sources
In this section we analyse if a typical brown dwarf can be misclassified as another astro-
nomical source, e.g. star or quasar. While this is not technically incompleteness, it can
nevertheless lead to us missing brown dwarfs, if they are confused with other astronomical
sources.
To test this, we use our 563 templates as the input for our χ2 fitting program, but
only fit to quasars and stars and illustrated their minimum χ2 against template number
in Figure 2.20. As expected quasars (black) and stars (red) are fitted perfectly, while M
(blue), L and T dwarfs have larger minimum χ2, the later their spectral type. The lowest
minimum χ2 for an L or T dwarf (purple) is 91.19 for an L1.5 classified as a reddened
quasar at z = 2.7. This confirms that a normal field brown dwarf cannot be misclassified
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Figure 2.18: This cumulative histogram demonstrates the maximum time between Y and
J/H/K observations in UKIDSS, where the y-axis is normalised to the total number of
sources in our sample. It can be clearly seen that over 70% of objects had all their YJHK
photometry taken within less than a year.
Figure 2.19: This plot illustrates the proper motion incompleteness of our sample with
respect to different tangential velocities ranging from 0-250km/s. Even at vt = 250km/s
the incompleteness is less than 8%.
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Figure 2.20: This plot shows the minimum χ2 for each template, if those are only com-
pared to quasars (black) and stars (red). M dwarfs are plotted in blue, while L and T
dwarfs are purple.
as a quasar or star.
We also classify the 563 templates using L and T dwarf templates only. The results
are plotted in Figure 2.21, with quasars in black, stars in red, M stars in blue, and L and T
dwarfs in purple. The lowest χ2 sources (with the exception of the actual L and T dwarfs)
are as expected the M dwarfs. Still, types earlier than M8.5 already have large χ2 of over
15, while dwarfs earlier than M7.5 have minimum χ2 greater than 50. As expected, the
reddened quasar with z = 2.7 is classified as the lowest χ2 quasar or star, with χ2 = 93.19
and spectral type L1.5.
These tests confirm that we cannot classify typical brown dwarfs as quasars or stars,
as their χ2 would be greater than 90, while the brown dwarf fit will give very low χ2
making it clear that those sources are L or T dwarfs. We do not expect to miss normal
field brown dwarfs due to misclassifications. Very red young brown dwarfs are potentially
classified as very reddened quasars though and further discussed in §2.7.1.
2.6.5 Potential ambiguity between different brown dwarfs
After the previous section discussed if there is a possibility that brown dwarfs are mis-
classified as other astronomical sources using photo-type, this section determines if the
LT sequence shows degeneracy for any brown dwarf spectral types, i.e. could an L0 be
misclassified as a T5? This is tested by analysing 4 spectroscopically confirmed L and
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Figure 2.21: This plot shows the minimum χ2 for each template, if we only fit them to L
and T dwarf templates. As expected quasars (black) and stars (red) have high χ2, while
M dwarfs earlier than M7.5 are also bad fits and only the very late M dwarfs and L and
T dwarfs are fitted well.
T dwarfs, namely SDSS J0149+0016 (L0 - black crosses), 2MASS J1407+241 (L5 - red
crosses), ULAS J1516+0259 (T0 - blue crosses), and ULAS J1417+1330 (T5 - purple
crosses). The minimum χ2 for each spectral type ranging from M5-T8 is calculated for
the 4 sources. Figure 2.22 shows the full range of χ2, while Figure 2.23 zooms in on
0 < χ2 < 20. Both confirm that there is only one global minimum for each curve, ie. the
sequence is unambiguous.
2.7 Accuracy
This section is dedicated to determining the accuracy of photo-type using three different
methods. These range from comparing our spectral types to the DwarfArchives.org
classifications, to producing and classifying synthetic brown dwarfs, to spectroscopic fol-
low up of low χ2 brown dwarf candidates.
2.7.1 Comparison to DwarfArchives.org
Here we compare our photo-type classifications to the spectroscopic types of sources in
DwarfArchives.org. As of the 6th of November 2012, DwarfArchives.org sum-
marises the properties of 1281 spectroscopically confirmed L, T and Y dwarfs across
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Figure 2.22: In this Figure we demonstrate the range of χ2 an L0, L5, T0 or T5 dwarf
will have, if it is fitted to spectral types M5-T8. This confirms that there is only one
minimum, therefore the classification sequence is unambigious.
Figure 2.23: This Figure is a zoomed in version of Figure 2.22, which shows that there
is no ambiguity in photo-type classifications.
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the whole sky. A few sources with unreliable photometry in any of the eight bands
(e.g. blended with a diffraction spike, or landing on a bad CCD row) were discarded.
Three sources (ULAS J091534.08+042204.8, ULAS J150152.88-013507.3, and ULAS
J222030.67-004108.3) have mergedClassStat > 4, ie. are not point sources in UKIDSS.
Upon further investigation, these are confirmed to be close binaries, which 2MASS could
not resolve. While relaxing this constraint would lead to us being sensitive to those, our
sample would become contaminated by galaxies.
ULAS J074656.82+251018.9 was missed by us due to the colour cut enforced and
is classified as L0. It was discovered by Schmidt et al. (2010) and has Y = 17.37, and J =
16.58, giving Y − J = 0.79, meaning it is just bluer than our selection limit Y − J = 0.8.
A second epoch J measurement gave J = 16.60. The source is apparently anomalously
blue in Y − J, as the typical colour of an L0 dwarf is Y − J= 1.04. Therefore it would be
interesting to reobserve it in Y as a check.
ULAS J012621.13+142805.9 is a peculiar object that is most likely very young: it is
misclassified by photo-type as a reddened quasar. We missed this object in our classifica-
tion process, as our templates were not designed to fit very young peculiar brown dwarfs.
If other sources of this type are present in the sample, they may be missed. Another
source (ULAS J092906.74+040957.8) is lost due to proper motion. This is discussed in
more detail in §2.6.3.
The spectral types of the remaining objects are plotted against their photo-type to
determine the accuracy thereof. There is an element of circularity in this as we used
the same L and T dwarfs to produce the polynomials and to determine the classification
accuracy. This should not be a problem though, as the number of objects used to produce
the templates is much larger than the number of parameters we fit to. Nevertheless it
motivates checking the classification accuracy by other means. This sample contains 111,
and 190 spectroscopically confirmed M and LT dwarfs respectively of which 189 have
izYJHKW1W2 photometry. All dwarfs later than M5 with SDSS spectra are added for
completeness and to demonstrate that photo-type is accurate to mid-M dwarfs. To quantify
the accuracy of our classification, we calculate the scatter between the spectroscopic type
and photo-type using robust statistics
σ =
∑N
i=1 |∆x|
N
√
2pi
2
, (2.23)
where ∆x is the difference between the spectroscopic and the photo-type classification and
N is the number of objects this is applied to. This results in scatter of 1.5 subtypes for L
dwarfs and 1.2 subtypes for T dwarfs (see Figure 2.24). If we only consider sources with
χ2 < 15 to calculate the scatter (i.e. sources that are not peculiar), we get 1.3 spectral
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Figure 2.24: photo-type (using izYJHKW1W2) vs. spectroscopic classification of 301
known MLT dwarfs. The dotted line illustrates where spectral type and photo-type differ
by more than 4. Objects that are further discussed due to a misclassification are shown
as diamonds.
types for L and 0.7 spectral types for T dwarfs. The relatively large scatter is caused
in part by sources with different optical and NIR classifications. These are either based
on optical or NIR spectra, while photo-type is based on photometry and considers the
whole wavelength range from optical to mid-IR, which can lead to some disagreement.
Unresolved binaries are another reason for the larger scatter. Objects with apparently
incorrect classifications are shown as diamonds and further discussed: Day-Jones et al.
(2013) uses NIR ratios of the XShooter spectra to classify ULAS J230424.8+130111.3
as a T0 dwarf, while photo-type classifies it as L3 with a χ2 = 4.82. Photometrically
classifying the sources as T0 gives a very high χ2 = 216.24. The two SEDs are illustrated
in Figure 2.25. The optical spectrum does indicate that the source could indeed be an
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Figure 2.25: This plot illustrates the two SED fits for ULAS J230424.8+130111.3 that
are discussed in the text: L3 in black and T0 in red.
earlier type, with an L3+T0 binary being a strong possibility. We discuss the possibility
of photo-type classifying close binaries as single objects with low minimum χ2 in §2.8.
2MASS J154236.02-004546.5 was first discovered by Geißler et al. (2011) and clas-
sified as an extremely blue L7 dwarf, while we classify it as L2 with a χ2 of 19.09. We
also fitted the L7 template to the source and got a χ2 = 319.82 and illustrate both fits in
Figure 2.26. Both confirm that the object is peculiar and misclassified by photo-type.
SDSS J103026.78+021306.4 is a source first discovered and classified by Knapp
et al. (2004). Its type varies significantly depending on which spectral indices are used:
<T0 (H2O in J), T1 (H2O in H), T0.5 (CH4 in H) and L8 (CH4 in K). They eventually
give it a spectral type of L9.5±1.0, while we photometrically classify the sources as L4
with χ2 = 20.99. The spectral classification of L9.5 gives a χ2 = 35.43 and is illustrated in
Figure 2.27. It can be seen in the SED that the NIR bands do indeed fit an L9.5 template
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Figure 2.26: This plot illustrates the two SED fits for 2MASS J154236.02-004546.5,
where we show L2 in black and L7 in red.
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Figure 2.27: This plot illustrates the two SED fits for SDSS J103026.78+021306.4,
where we show L4 in black and L9.5 in red.
and it therefore makes sense that NIR spectroscopy also classifies it as such. L4 is a better
fit, if the larger photometric range is considered, ranging from the optical to the mid-IR
in this case. This source is considered slightly peculiar.
2.7.2 Simulated data
In this section we discuss how Monte Carlo simulations are used to determine the accuracy
of photo-type in an unbiased way. We produce 300 simulated objects for each spectral
type L0-T8 (in 0.5 steps) and J between 13.0-17.5mag (in steps of 0.5mag) and calculate
realistic errors by tying them to the apparent magnitude in each band. Sources closer to
the detection limit will have larger uncertainties than bright objects. Defining mL as the
5σ detection limit in each band, the photometric error as a function of magnitude m is
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given by:
dm = mL − 2.5 log
[
10−0.4(m−mL) +
1
5
]
− m. (2.24)
The previously discussed scatter of 0.05 is added in quadrature and this ∆m is used as the
error on the object:
∆m =
√
dm2 + 0.052. (2.25)
To produce synthetic magnitudes mag with photometric and intrinsic scatter we add a
random offset to our templates defined as a random number r drawn from a normal distri-
bution:
mag = m + ∆mr. (2.26)
The resulting mag, ∆m, and original type (aka which template was used) are recorded.
The simulated objects are classified using photo-type and a histogram is produced
which is binned according to the original classification. This illustrates the scatter from
the original type for each subclass and magnitude. For each half-subtype we calculate
the mean and standard deviation for different apparent magnitudes of J. It can be seen
from Figure 2.28, where the solid black line illustrates the results for J = 17.5 and the
solid red line for J = 16, that photo-type becomes less accurate at fainter magnitudes
(as expected). Because photo-type is still accurate to 0.8 spectral types at our magnitude
limit of J = 17.5, it is comparable to spectroscopic accuracy. If only UKIDSS bands are
available, the accuracy becomes much lower, as illustrated by the dotted lines.
2.7.3 SpeX Follow Up
The third way to test the accuracy of photo-type is by taking spectra of some of our low
minimum χ2 sources and classifying them spectroscopically without the knowledge of the
photometric classifications. For this we select sources with χ2 < 15, as those are likely to
be typical dwarfs and not potential binaries or peculiar objects. Unlike the spectra from
DwarfArchives.org which we based our templates on, this method is unbiased. We
obtained telescope time on the IRTF telescope in Hawai’i between March and November
2013, which has resulted in the spectra discussed in Chapter 5. All spectra were taken
by the same instrument (SpeX) and cover the same wavelength range. The exact reduc-
tion and classification process is also discussed in Chapter 5. The ra, dec, magnitudes,
spectral type, photo-type and χ2 values are summarised in Table 5.3, while the spectra are
plotted in Figure 5.11.
All objects are confirmed as ultra cool dwarfs indicating that the sample of L and T
dwarfs in Chapter 3 is not contaminated severely. A larger spectroscopic sample would
be required to quantify this more accurately. Taking the spectroscopic classification to be
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Figure 2.28: This plot illustrates the accuracy of photo-type using izYJHKW1W2 for
each spectral type at J = 17.5 (solid black line) and the relatively bright J of 16.0 (solid
red line). It also shows the accuracy if only UKIDSS YJHK bands are available (dotted
lines). This confirms that izYJHKW1W2 photo-type is accurate to 0.8 spectral types at
the sample magnitude limit, while the accuracy is much lower if only UKIDSS bands are
used.
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the correct ones, the accuracy of photo-type estimated from this small sample is only 0.6
subtypes r.m.s.
The simulated data gives an accuracy of less than 1 spectral type for objects at our
sample limit (J=17.5), which improves the brighter we go. The DwarfArchives.org
sources are classified to an accuracy of 1.5 for L and 1.2 sub-types for T dwarfs. The
independent spectroscopic followup using SpeX gives an accuracy of 0.6 spectral types
for the 8 low χ2 sources observed. While the number of sources in the sample is very
small, this does show a trend of accuracy that is better than 1 spectral type. In summary,
this means photo-type is accurate to better than 1 spectral type at the sample limit and
therefore competitive with spectroscopy.
2.8 Binaries
Some of our peculiar sources that cannot be fitted well using photo-type are potentially
unresolved brown dwarf binary systems. Many straddle the L/T transition region where
atmospheric processes are highly significant and not well understood. They are known
to contaminate current brown dwarf samples and are hard to pick out. We developed
photo-type binary templates for all LT combinations in an attempt to find those sources
and determine the degree of contamination in our data.
These templates are produced by adding two single template SEDs from §2.4 in the
correct ratio.We determine the absolute J magnitude for both components and add it to
the single source templates normalised to J = 0. The absolute J magnitude is obtained
from the absolute magnitude against spectral types relation in Dupuy & Liu (2012) (Page
67, Table 14). Mathematically it is expressed as M = −28.3129+16.3986T −2.74405T 2 +
0.232771T 3−0.0103332T 4 +0.000227641T 5−0.00000194920T 6 where T is the spectral
type of the source (M6 = 6, T9 = 29, etc.).
After adding the relevant J absolute magnitudes, we can combine the two templates
(MA and MB) using:
S = −2.5 log[10(0.4MA) + 10(0.4MB)]. (2.27)
Note that we cannot fit same-mass, same-subtype binaries, as we cannot differentiate
between 2 components of the same sub-type and a single object. After we subtract the ab-
solute J magnitude from every template, we use these as our photo-type binary templates
and reclassify all dwarfs later than M6. If the binary minimum χ2 is smaller by more than
7 than the single object minimum χ2, the source is classified as a potential unresolved
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binary and we will have a closer look at it.
In an attempt to constrain to which binary combinations we are sensitive and the un-
resolved binary fraction in our sample, we used known binaries listed in DwarfArchives
.org and classified them using single photo-type templates. Many of these were fitted
well with low χ2 values, implying that we are not sensitive to detecting them.
To quantify this, we produce 10 000 synthetic binaries for each spectral type with
J = 17.0 and calculate their errors relative to each bands detection limit using Equation
2.24. We also added the intrinsic scatter of 0.05 in quadrature and classified all synthetic
sources using single and binary object templates. We chose 0.05 as the intrinsic magnitude
error, as we assume that binary systems are correlated and therefore their colours depend
on each other.
Figure 2.29 shows the ∆χ2 contours of the improvement in χ2 between a binary and
singular fit for each spectral type combination. As expected, the fits are best (lowest
χ2) along the diagonal that would represent binaries with two components of the same
spectral type. While most binary combinations can be fitted very well (χ2 < 10) with
single object templates, the contour plot shows that this is not the case for binaries with
L4 and L7 primaries, and T1 and T7 secondaries. Those are flagged as peculiar with
minimum χ2 > 30. We are most sensitive to the L5+T5 binary combination, where the
average minimum χ2 is greater than 50. In an attempt to test if our contour plots give the
correct results, we fit two different binaries with single object templates.
The contour plots indicate that we are not sensitive to finding L0+T5 unresolved
binaries. We show the SED of a synthetic L0+T5 dwarf binary in Figure 2.30, where
the best singular fit is L0 (plotted as purple), and the best binary fit is L0+T5 (plotted as
red). While the binary fit (χ2 = 3.63) is better than the singular fit (χ2 = 5.12) which is
expected considering the original object is a binary, the singular χ2 is still low enough to
classify the L0+T5 synthetic source as a typical L0, showing that we are not sensitive to
finding this type of binary.
Figure 2.31 illustrates the case of an unresolved binary with an L5 and T5 compo-
nent. The contour plot shows that we are sensitive to finding this particular combination.
This is confirmed as the binary fit gives a very low χ2 = 5.30 for an L5+T4 unresolved
binary (plotted in red), while the singular object fit classifies the sources as L3.5 with a
large χ2 of 30.11 (plotted in purple), in agreement with what we expected.
We conclude that most binary combinations can be fitted with single object templates
without raising the χ2 above 10. Only binaries with L4-L7 primaries and T1-T7 secon-
daries are classified as higher χ2 objects. The average minimum χ2 for an L5+T5 binary
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Figure 2.29: This contour plot demonstrates the difference between the average binary
fit minimum χ2, and the average singular fit minimum χ2 for each binary combination.
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Figure 2.30: Here we illustrate a synthetic L0 + T5 dwarf, that was best fitted by an L0
singular object (χ2=5.12, purple) or a binary L0+T5 (χ2=3.63, red) fit. While the binary
fit is better than the singular, the singular type already has low χ2. This confirms that we
are not sensitive to detecting this particular binary combination.
would be highest, with around 50. This shows that except for the spectral combinations
stated above, our method is not very sensitive to detecting binaries as the objects can be
fitted very well with our singular object templates. We can still pick some out by compar-
ing the single object minimum χ2 with the binary template χ2 values. If the binary χ2 is 7
less than the single object χ2, we can further investigate.
2.9 Conclusion
In this chapter we describe the methodology behind photo-type starting from its bayesian
roots and the assumption of gaussian errors and flat priors. This means that the maximum
likelihood is equivalent to the minimum χ2 and can be used in the photo-type code. We
describe how the templates are obtained (from SDSS+UKIDSS+WISE in our case) and
show the polynomial relations used.
The photo-type accuracy is tested in three different ways: (1) We use the spectral
types of DwarfArchives.org objects and compare those to our photo-type classifica-
tions, giving a robust r.m.s. of 1.5 and 1.2 for L and T dwarfs respectively. (2) We produce
synthetic objects with realistic errors at all relevant J and classify those using photo-type,
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Figure 2.31: Here we illustrate a synthetic L5+T5 dwarf which is classified very well
using a binary L5+T4 fit (χ2=5.30, red), while the singular object fit gives an L3.5 with a
minimum χ2 of 30.11 (purple), showing that we are indeed sensitive to picking out these
particular binaries, as their colours are not similar to any single object colours.
giving an accuracy of better than one spectral type at J = 17.5. (3) We obtain eight spec-
tra for low χ2 L and T dwarfs on the IRTF in Hawai’i, confirming that we are accurate
to 0.6 spectral types. This implies that photo-type can be used alongside spectroscopic
classifications in the future.
We discuss incompleteness due to proper motion and conclude that only ∼ 1% of
brown dwarfs will be missed because of their proper motion between Y/J/H/K observa-
tions, due to the matching radius of 2′′. The 10′′ matching radius between SDSS, UKIDSS
and WISE is large enough to not miss any L and T dwarfs. Mid-T dwarfs fall below the
SDSS detection limit so we develop a method to retrieve those sources.
We determine that a normal field brown dwarf cannot be misclassified as a quasar or
star, therefore our sample should not be contaminated. We also confirm that the spectral
sequence of L and T dwarfs is unambiguous by comparing the M5-T8 χ2 of L0, L5, T0
and T5 dwarfs. Each of the resulting curves only has one global minimum, implying that
a normal field L or T dwarf cannot be misclassified as a much earlier or later type as this
would result in a large minimum χ2.
In the final section we discuss how to produce empirical binary templates and find
that we are insensitive to most binary combinations. An exception are binaries with L4-
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L7 primaries and T1-T7 secondaries. Therefore our sample may be contaminated with
unresolved binaries.
In conclusion, this chapter introduces photo-type, shows its potential and describes
its accuracy and completeness.
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Chapter 3
Sample of L and T Dwarfs
3.1 Overview
In this Chapter we present the sample of 1157 L and T dwarfs we found in the UKIDSS
DR10, SDSS DR9 and WISE footprint and classified using photo-type. Here we illustrate
the properties and distributions of those through different relations and compare our χ2
distribution to the theoretical relation. We also check which of our late-T dwarfs were
missed in other searches.
3.2 Sample Selection
The sample we present here has been selected in the following way. We searched the
UKIDSS DR10, SDSS DR9 and WISE for brown dwarfs with 13.0 < J < 17.5 which
obey the conditions stated in Chapter 2. This gives us a Master Sample of 6 775 168
sources. We classify all sources into quasars, stars and brown dwarfs using photo-type
and the ugrizYJHK photometric bands. To make the sample more manageable, we im-
plement a colour cut at Y − J > 0.8 which results in 9487 sources. We also exclude
all sources classified as quasars, stars or earlier than M6, which brings the sample down
to 7503. The colour cut should not exclude any L or T dwarfs (discussed in more de-
tail in Chapter 2) but filters out many contaminating objects. This is then matched to
WISE. 7336 candidate brown dwarfs have WISE detections within 10′′ while 171 sources
are blended with objects larger than 10′′ or are located in areas with no WISE data and
therefore do not have W1W2 entries. As WISE is all-sky those areas are rare and can
be attributed to fields that were removed during quality control as their photometry was
unreliable. We take the izYJHK classifications as final for those 171 objects and remove
all sources with spectral types earlier than L0, resulting in 22 L or T dwarfs. In the sample
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they are denoted with ‘:’, as their classification is less certain than for sources with the
full izYJHKW1W2 photometry. A T5 with no WISE detection for example is marked as
T5:.
The remaining 7503 candidates are classified using izYJHKW1W2, where 1376
sources have L or T dwarf classifications and are visually inspected. If the sources are
blended in WISE, the W1W2 photometry is disregarded and we return to the sources
izYJHK classification. The object remains in the sample, if its spectral type is L0 or later.
The final sample of L and T dwarfs with izYJHK only classifications contains 79 objects.
This leaves 1056 objects with izYJHKW1W2 classifications and L or T dwarf spectral
types.
From our completeness plot illustrated in Chapter 2 we determined that we miss
late-T dwarfs due to incompleteness in SDSS which is caused by the extreme faintness
of those sources in the optical wavelengths. We developed a method to retrieve SDSS
dropouts described in Chapter 2 which yields 10 sources missing i and z, 10 sources
missing only i and 2 sources missing only z. Sources missing both SDSS bands are again
denoted as uncertain classifications with ‘:’ after their spectral types. If the source is only
missing i or z, the classification is considered secure. There are 3 sources missing i and
the WISE bands (due to blending), also denoted with ‘:’ and 4 sources missing both SDSS
bands and both WISE bands which are denoted with ‘::’. Their classifications are very
uncertain, as they are only based on YJHK.
Two tables summarising the 1077 L dwarfs (Table A.1) and 80 T dwarfs (Table A.2)
are presented in the appendix. They state the coordinates, the photometric properties, the
photo-type classification (PhT) and minimum χ2 of the L and T dwarfs in our sample.
Where spectroscopic classifications are available we also note the spectral type and the
paper it was first classified in.
3.3 Sample Characteristics
To assure the integrity of our sample, we conducted a few quality control checks. First we
plotted the ra and dec of the 1157 L and T dwarfs onto an aitoff projection to determine
if there were any areas in the sky with clumps or voids of brown dwarfs. Our sample does
not cover the whole sky as out of the three surveys only WISE is all-sky. Therefore the
aitoff projection shows the area of UKIDSS DR10 (which is inside SDSS DR9). In the
surveyed areas (illustrated in Figure 3.1) there are no clumps or voids of brown dwarfs
we would have to worry about, which indicates that the sources we classified are indeed
real objects with a normal spatial distribution. The Figure also differentiates between L
dwarfs in black and T dwarfs in red.
83
3.3 Sample Characteristics Chapter 3: Sample of L and T Dwarfs
Figure 3.1: In this plot we illustrate the positions of the L and T dwarfs catalogued in the
sky. black represents L dwarfs, and red T dwarfs. The distribution matches the UKIDSS
survey areas.
To get an idea of the distribution of brown dwarfs in the Galaxy, we convert our ra
and dec into Galactic longitude l and latitude b. We plot the sources in polar coordi-
nates, where the radial coordinate is the distance to the object. This is obtained by first
determining the absolute magnitude of our sources based on the Dupuy & Liu (2012) ab-
solute magnitude to spectral type relation. Here we use photo-type as the spectral type.
We then use the absolute to apparent magnitude equation to determine the distance to the
brown dwarf in parsec. The angle in the plot is the Galactic latitude in radians. Figure
3.2 illustrates this and also separates between L dwarfs in black and T dwarfs in red. We
can detect L dwarfs out to distances of 150pc, while T dwarfs are only detectable to about
40pc in a NIR survey with a magnitude limit of J = 17.5. Using these objects, we de-
termine the space density of early-L dwarfs in Chapter 4. For another quality check, we
binned all objects in 10deg bins in b and plotted those against the summed area in each
bin. This gives the surface density at each Galactic latitude and is shown in Figure 3.3.
The line represents the average surface density, i.e. the total number of objects divided
by the total area. As expected, this plot confirms that the number of objects detected at
different Galactic latitudes is proportional to the area observed at these b.
The next step was to analyse the spectral type against distance relationship which is
illustrated in Figure 3.4. We introduced a random jitter of less than 0.4 in the spectral
type to make the number of sources in the more densely populated parts of the plot more
visible. The sharp decline in limiting distance with increasing spectral type across the L
sequence is very evident in this plot. The distance to which T dwarfs are detectable on
the other hand increases between T0 and T5, which is a result of the J band brightening
in early-T dwarfs. As previously discussed, this is an intrinsic feature of early-T dwarfs
caused by their atmospheres becoming clear and allowing radiation from deeper and hot-
ter layers to escape. Eventually the cooling along the T sequence results in the decrease
of flux emitted from the T dwarfs in J and those objects become very faint. To detect very
late-T dwarfs and Y dwarfs mid-IR surveys like WISE are needed, as most of the flux of
those objects is shifted to longer wavelengths.
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Figure 3.2: This plot shows the distribution of L dwarfs (black) and T dwarfs (red) in
the galaxy in polar coordinates. The radial coordinate is the distance of the source and
the angle coordinate is the Galactic latitude in radians.
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Figure 3.3: Plot illustrating the number of objects in 10deg Galactic latitude bins against
the total surface area (in deg2) at those latitudes.
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Figure 3.4: Here we illustrate the distance and spectral type relation of all brown dwarfs
in our sample. The J band bump is clearly visible.
Figure 3.5 illustrates the relationship between our UKIDSS J magnitude and the
spectral type of the detected brown dwarfs. Objects with WISE detections are plotted in
black, while objects classified without W1W2 are shown in red. The reason for a source
not to have W1W2 photometry is either because it was located below the WISE detection
limit (ULAS J211045.61+000557.06, L1.5, χ2 = 7.35), or because the WISE photometry
was unreliable and therefore removed. As expected there are many more faint source than
bright ones. This is because a fainter J magnitude means a larger distance from us and
therefore a larger volume of space in which these objects can be found. There are also
many more early-L dwarfs than late-T dwarfs in our sample, which is due to the intrinsic
faintness of the latter. While many early-L dwarfs are hydrogen burning stars, they are
still of great interest, as ultra-cool dwarfs are defined as sources with spectral types of M7
or later. The error bars on the J magnitude are smaller than the symbols and therefore
cannot be seen.
The next distribution we were interested in was the number of sources at each spec-
tral type illustrated in Figure 3.6. This is needed to calculate the space density of brown
dwarfs and from that the luminosity function, which can be used to determine the Initial
Mass Function. Here we separate the 1071 sources classified using W1W2 and plot them
in black from the 86 sources classified without W1W2 which are shown in red. As ex-
pected both samples show the largest number of objects in the early-L dwarf bins, which
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Figure 3.5: Here we illustrate the relationship between J and spectral type for all the L
and T dwarfs in our sample, from which it is evident that late T dwarfs are intrinsically
fainter in the NIR than L dwarfs. Objects without WISE photometry are plotted in red
and a random jitter of 0.4 spectral types was introduced to illustrate the number of sources
better.
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Figure 3.6: In this plot we illustrate the histogram of spectral types for our sample of L
and T dwarfs, where we separate the 1071 objects with WISE photometry (black) from
the 86 objects without (red).
are intrinsically brighter.
3.4 Dearth of L8s
After analysing our sample of 1157 L and T dwarfs we noticed that we have a lack of
L8s. We decided to analyse this further in an attempt to determine if this is an intrinsic
feature of L8s or if this is a systematic error in our classification method that is caused by
the discontinuity between L7 and L8 in our Y − J templates.
First we traced the cause of the discontinuity to the disappearance of FeH absorption
in the spectra of mid-L dwarfs. This effect is strongest in the Y band as the absorption is
deepest there. We show the spectra of L5-L8 dwarfs in Figure 3.8 where it can be clearly
seen that the FeH absorption is very strong at 1µm for L5 (black) and disappears slowly
until it is basically gone at L8.
We then reclassified all our sources using a Y − J template with no discontinuity and
a discontinuity at L6 and L7 (shown in red and yellow respectively in Figure 3.7) and
compared to our current template in black. This test confirms that there are fewer L8s in
magnitude limited samples than expected (shown in the histogram in Figure 3.9) and that
this is not a feature of our templates/the discontinuity. The lack of sources of a certain
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Figure 3.7: Y − J vs spectral type plot of L and T dwarfs illustrating three different
template polynomials and the lack of L8s.
Figure 3.8: Here we illustrate the disappearance of the FeH absorption line at 1µm
between L5 and L8. This causes the discontinuity in the Y − J against spectral type plot.
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Figure 3.9: Histogram illustrating the number of L and T dwarfs of each spectral type
using continuous templates in red, templates with a discontinuity at L6/L7 in yellow and
our template from Chapter 2 in black.
subtype usually indicates that brown dwarfs move through said spectral type very quickly.
This appears to be the case for L8s.
We also extract all L and T dwarfs from DwarfArchives.org and plot their optical
and NIR spectral types as a histogram to determine if there is a lack of L8s. These
counts are illustrated in Figure 3.10 where we have 712 sources with optical classifications
in red and 601 NIR classifications in black. The number of brown dwarfs with optical
classifications drops off rapidly which is due to the intrinsic faintness of late-L and T
dwarfs in the optical. Therefore the number of those L and T dwarfs in each spectral bin
cannot be used as the real distribution of the population. The NIR classifications on the
other hand represent the true fraction of objects in each spectral type bin much better and
it can be seen that there is a lack of objects around the L/T transition. Again, there appears
to be fewer L8 dwarfs in this sample, confirming the dearth of L8s.
3.5 Number-magnitude relation
The number-magnitude relation provides a further check of the integrity of the sample.
When a population of uniformly distributed objects in space is assumed, the following re-
lationship can be derived from the definition of the magnitude and the flux inverse square
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Figure 3.10: Histogram illustrating the number of L and T dwarfs in
DwarfArchives.org of each spectral type using optical (in red) and NIR (in black)
classifications.
law:
N(m) ∝ 100.6×J. (3.1)
This means that if a cumulative histogram of data in a certain magnitude range (13.0 <
J < 17.5 here) is produced, it should have a slope of 0.6, which we illustrate with our
sample of 1157 brown dwarfs in Figure 3.11 where the bin size is 0.25. The slope is
plotted in red. The plot indicates that at faint magnitudes the histogram falls below the
linear relation. This indicates that the assumption of uniform space density is incorrect
and raises the prospect of measuring the disk scale height with this sample.
3.6 Templates from Sample
In this section we compare the templates obtained using DwarfArchives.org objects
in red and the templates obtained by fitting polynomials (purple) to our final sample of
1056 objects with izYJHKW1W2 photometry (plotted in yellow). The newly obtained
polynomials are summarised in Table 3.1 and the colour vs. spectral type relations are
illustrated in Figures 3.12 - 3.18.
From the plots it can be seen that the templates do not change significantly between
using DwarfArchives.org objects and our sample. The biggest change is in the i − z
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Figure 3.11: In this plot we show the cumulative number of brown dwarfs with 13.0 <
J < 17.5, where the red line has a slope of 0.6.
template, where the template based on the sample reaches much redder colours at mid-T
dwarfs. Due to the small number of T dwarfs in both samples, the fit in that part of the
spectral sequence cannot be well constrained. This is not important though as T dwarfs
have very large errors in i and therefore do not contribute significantly to the χ2 fit. The
z − Y , J − H and W1 −W2 templates remain nearly identical, while H − K and K −W1
only change for the latest T dwarfs which again can be attributed to the intrinsic faintness
of late-T dwarfs. The first polynomial of the Y − J template is 0.05 magnitudes redder,
which could indicate that there was a bias against red L dwarfs in DwarfArchives.org.
All together the templates fit the data to a satisfactory level. We quantify the difference
Colours a0 a1 a2 a3 a4 a5
i − z +4.921 –0.59119 +0.035170 –0.00050389 0 0
z − Y –0.975 +0.47195 –0.043966 +0.00173264 –0.000022010 0
Y − J (<L7) –0.717 +0.24557 –0.007177 0 0 0
Y − J (>L8) +1.269 –0.00386 0 0 0 0
J − H –4.648 +2.05604 –0.316255 +0.02345770 –0.000815149 +0.00000105057
H − K +6.397 –1.66600 +0.166336 –0.00677495 +0.000094811 0
K −W1 –0.735 +0.74369 –0.158906 +0.01426542 –0.000554308 +0.00000774508
W1 −W2 +1.541 –0.35895 +0.036791 –0.00169390 +0.000032001 0
Table 3.1: This table lists the polynomial coefficients for each colour vs spectral type
template, defined the following way: Colour =
N∑
b=0
ab× (SpT)b, where the 8 colours are
i − z, z − Y,Y − J, J − H,H − K,K − W1 and W1 − W2. SpT is the spectral type and is
defined as follows: L0 = 10.0, T0 = 20.0, where the polynomials are valid from L0-T8.
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Figure 3.12: i − z vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
between the DwarfArchives.org templates and our templates for each colour using the
mean and r.m.s and show that it is relatively small: i − z (µ = 0.23, r.m.s. = 0.48), z − Y
(µ = 0.00, r.m.s. = 0.01), Y − J (µ = 0.00, r.m.s. = 0.06), J −H (µ = 0.00, r.m.s. = 0.06),
H−K (µ = 0.06, r.m.s. = 0.25), K−W1 (µ = 0.01, r.m.s. = 0.11) and W1−W2 (µ = 0.01,
r.m.s. = 0.08).
3.7 Colour-Colour Plots
In this section we discuss the colour-colour tracks for our sample and each template in
more detail. Figure 3.19 shows the sample of 1157 objects ranging from L0 to T8 in
several colour-colour diagrams using the izYJHKW1W2 photometric bands. If a source
was under the WISE detection limit or blended in WISE, it was excluded from the K−W1
vs. W1 − W2 plot and only plotted in the other diagrams. In the same way sources that
are SDSS dropouts are excluded from the i − z vs z − Y colour-colour diagram. The thick
red line running through all figures illustrates the template colours of those objects and
therefore the spectral sequence of L0-T8 dwarfs.
The most common L0 dwarfs are plotted as dark blue crosses, while the whole L
dwarf sequence ranges from dark blue and turquoise to green. The T dwarfs span from
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Figure 3.13: z − Y vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
Figure 3.14: Y − J vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
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Figure 3.15: J − H vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
Figure 3.16: H − K vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
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Figure 3.17: K −W1 vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
Figure 3.18: W1 −W2 vs. Spectral Type plot illustrating the 1056 objects in our sample
with full izYJHKW1W2 photometry, the template produced using them in red and the
templates used for classification in Chapter 2 in purple.
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green to red, where T3 dwarfs are represented as yellow crosses, while T4-T8 is repre-
sented with dark yellow, orange and red symbols. All objects are plotted with intrinsic
errors and in one subtype classifications, ie. an L0.5 dwarf is plotted as L0. As in all
the previous plots, it is again shown that there are far more early-L dwarfs than any other
spectral types of brown dwarfs in this magnitude limited sample. We discuss each of the
diagrams in more detail below:
The i − z vs. z − Y colour-colour diagram (Figure 3.19a) spans the widest range in
parameter space. This is due to the i − z colour changing rapidly for different subtypes. It
also has the largest errors of all colours due to the intrinsic faintness of L and T dwarfs in
SDSS. Even though our brown dwarfs are still faint in z, they have better detections and
smaller errors in z and therefore the z − Y colour contributes more towards the classifica-
tion. While i − z vs. z − Y does not contribute significantly towards the χ2, it is still an
important extension of the SED.
From the z − Y vs. Y − J colour-colour diagram (Figure 3.19b) it can be seen that
z − Y spans 3 magnitudes of colour-colour space. Y − J covers a much smaller range of
colours between L0-T8, but has much smaller errors than z − Y . It can also be seen from
the plot that a colour cut at Y − J > 0.8 (dot-dashed line) is very useful in separating M,
L and T dwarfs from other astronomical sources.
The Y − J vs. J − H diagram (Figure 3.19c) shows that the colour-colour template
path is not unambiguous for that combination of colours, as it forms a loop caused by
the discontinuity at L7 in Y − J described in Chapter 2 and shown in Figure 3.14. This
means that L dwarfs are located in a clump and cannot be easily separated without the
consideration of other colours. While the Y − J colours of L0-T8 dwarfs only range
across 0.9 magnitudes, the T dwarfs can be separated out in J − H where they become
bluer than the clump of L dwarfs.
The J −H vs. H −K diagram (Figure 3.19d) illustrates that the path of the templates
turns back on itself between the early-L and early-T dwarfs. These subtypes form a clump
and it is hard to differentiate between them without considering other colours. The mid-
T dwarfs mostly appear to be located at bluer colours in H − K, but redder colours in
J − H than the template. This should not concern us though, as the bluer objects have
larger errors than the sources closer to the template colours. The T dwarfs are located in
a sequence for J − H, but only span a magnitude range of 0.7 in H − K.
For Y − J vs. J−H (Figure 3.19c), J−H vs. H−K (Figure 3.19d), H−K vs. K−W1
(Figure 3.19e) and K −W1 vs. W1−W2 (Figure 3.19f) there appears to be a gap between
T2 (light green) and T3 (yellow). From photo-type, the T2/T3 boundary has the biggest
changes in colour, caused by the onset of methane absorption in H and K, which makes
the dwarfs bluer.
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a.) b.)
c.) d.)
e.) f.)
Figure 3.19: These colour diagrams show all 1157 objects in our sample with their
intrinsic errors colour coded by type. Starting from the L0 sources in dark blue, we
move to light blue, and green, towards the T dwarfs in bright green, reaching the T3
(yellow) and going all the way to T8 (red). The red thick line represents the track of
the templates used. These plots are very good at illustrating the specific colours of the
different subtypes and show that there is a clear separation between early-T and late-T
dwarfs.
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3.8 χ2 distribution
In order to check the integrity of our χ2 values, we produced Figure 3.20 which shows the
χ2 distribution of the 1056 L and T dwarfs with izYJHKW1W2 photometry (thus n, the
number of data points, is 8) in our sample (black line) and compares it to the χ2 pdf for k
= 6(7), ie. 6(7) degrees of freedom (red (yellow) line), mathematically described as:
pdf =
1
2
k
2 Γ
(
k
2
) x k2−1e− x2 . (3.2)
The two χ2 distributions are normalised to the number of objects in our L and T dwarf
sample. We plot both distributions, as the correct number of d.o.f. is a bit ambiguous.
The choice of 6 or 7 d.o.f. depends on whether we can consider template number to be
a free parameter. If we assume that the wrong template can never give a lower χ2 than
the correct template, we should use 7 degrees of freedom. If the random scatter on some
sources can lead to the wrong template giving a better fit than the correct one, the selection
of the correct template is another parameter and we need to assume 6 degrees of freedom.
As we do not know which of the two is the case, we overplotted both.
Figure 3.20 shows a tail of high χ2 sources, which is due to outliers that were clipped
when we estimated the intrinsic spread. If our sample did not contain any peculiar objects,
one would expect 2(4)% of sources to have χ2 > 15 for 6(7) d.o.f. Figure 3.21 shows that
16% of our objects have χ2 > 15. On the basis of the spectra we obtained in Chapter 5,
most of these sources are confirmed as peculiar.
3.9 Comparison with other samples
In this section we collate all the L and T dwarfs from literature and check which of the
1157 dwarfs in our sample were missed by other studies. In particular we compare to
previous work using UKIDSS data, e.g. Pinfield et al. (2008), Burningham et al. (2010b),
Day-Jones et al. (2013) and Burningham et al. (2013). Because the above papers analyse
earlier datasets (with Burningham et al., 2013 using DR9), we only select the 1144 L
and T dwarfs in our sample that were in DR9. As UKIDSS was designed to find late-T
dwarfs, we are particularly interested in T5 or later dwarfs that were missed, even though
Figure 3.22 illustrates all new sources to our sample in black and known L and T dwarfs
in red. Considering we conducted our search in the same survey as the above papers, we
should not discover any new sources, if none were missed by earlier searches. It can be
seen from Figure 3.22 that five T5 or later appear in our sample that were not previously
known. These are summarised in Table 3.2, where ULAS J000844.34+012729.47 was
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Figure 3.20: In this plot we show the χ2 distribution of the 1056 objects with
izYJHKW1W2 photometry (black line) in our sample and the 6(7) degrees of freedom
χ2 pdf normalised to the number of objects (red(yellow) line).
Figure 3.21: In this plot we show the cumulative χ2 distribution of the 1056 objects in
our sample. The red dashed line shows the peculiar-object cutoff at χ2 = 15.
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Figure 3.22: In this plot we show the known L and T dwarfs in red and our sample
in black. The known dwarfs were obtained from literature, DwarfArchives.org and
SIMBAD. This helps illustrate which L and T dwarfs were missed in other studies but
discovered by us.
missed by Ben Burningham, ULAS J105131.80+025751.06 had no H band photometry
in DR9 and the remaining three were new to DR9 where the follow up is incomplete. They
are scheduled for follow up and ULAS J121019.23+033341.80 is considered a potential
companion to TYC-284-677-1 (Ben Burningham, priv. comm.). Overall one sees that
brighter than J = 16.5 nearly all the sources in our sample are previously catalogued,
while fainter than J = 16.5 the majority of objects are new. The sample is particularly
useful in the transition region L7-T3 where the number of sources known is small.
3.10 Conclusion
In this Chapter we present the sample of 1157 L and T dwarfs we classified using
SDSS+UKIDSS+WISE photometry and photo-type. From Chapter 2 we know that
photo-type is accurate to better than one spectral type, making this the largest (by an
order of magnitude) homogeneous sample of accurately classified L and T dwarfs to date.
It was possible to produce due to (1) UKIDSS being the deepest wide-field NIR survey
to date and (2) the fact that we do not require spectroscopic confirmation to classify our
sources.
The dearth of L8 dwarfs in our sample indicates that brown dwarfs evolve quickly
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across the relevant temperature range. We find the cause of the Y − J discontinuity in our
templates, which can be traced back to the disappearance of the FeH absorption line at
1µm between L5 and L8. A plot of J against spectral type shows that most of the objects
with J < 16.5 that we found are previously known, while the fainter sources are mostly
new discoveries first presented here. In the future this sample can be extensively used to
find peculiar sources, unresolved L/T binaries and benchmark systems.
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Chapter 4
Analysis and Properties
In this Chapter we present some preliminary science analysis of the new sample presented
in Chapter 3. We search for brown dwarf binary systems by searching for nearest neigh-
bours within our sample and potential benchmark objects by crossmatching it with the
proper motion catalogue presented in Smith et al. (2014b). We also calculate the most
accurate estimate of the space densities of L and T dwarfs to date and search for colour
outliers, in particular in J − K.
4.1 Nearest Neighbours
To identify candidate brown dwarf binaries, we conducted a search for nearest neighbours
within the sample. We start by finding the nearest neighbour to each of our 1157 L and T
dwarfs by finding the object with the smallest angular separation to it. This is an attempt to
find potentially bound systems. The angle (in arc seconds) between the two components
is calculated using the following equation where α is ra and δ is dec:
∆σ = 3600
180
pi
arccos
[
sin(δ2) sin(δ1) + cos(δ2) cos(δ1) cos(α2 − α1)
]
. (4.1)
Because the radial distance is calculated using the absolute magnitude against spectral
type relation from Dupuy & Liu (2012), its errors are very large and we therefore started
with the angular separation.
It is important to put the angular separations in context with currently known binary
systems. From the literature we find that most brown dwarf binaries are separated by
less than 20AU, but several with separations over 100AU are known. We therefore chose
a very conservative estimate of 200AU as the maximum separation d between the two
components of the system. As the average distance r for LT dwarfs in our sample is
∼100pc, we set r = 100. Assuming r = 100pc and d = 200AU we calculate the expected
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angular separation ∆σ = d/r of a bound system to be less than 2′′.
We summarise the 10 nearest pairs in terms of angular separation in Table 4.1 where
we state their coordinates, spectral types, distances and angular and radial separations.
We also compute the minimum transverse separation, by using the angular separation and
the smaller of the two distances. As can be seen, even the smallest transverse separation is
much greater than 200AU. Therefore our search for potential brown dwarf binaries using
nearest neighbours was unsuccessful.
Due to the J = 13 magnitude cut of our sample, which was implemented to
avoid saturation of sources, we missed the previously discovered common proper mo-
tion system SDSS J141624.08+134826.7 (L6, J = 12.99, Schmidt et al., 2010) + ULAS
J141623.94+134836.3 (T7.5, Burningham et al., 2010b). The sources are separated by
9.85′′ on the sky, and have an estimated physical separation of ∼75AU.
One of the reasons of conducting this search was to find binaries straddling the L/T
transition region, which are of great interest to current brown dwarf studies as they span
a very small temperature range, but go through significant changes in their atmospheres.
As can be seen in the table, no such system was found.
4.2 Benchmark Systems
Our sample of 1157 L and T dwarfs is ideal to search for benchmark systems, which can
help constrain physical properties of L and T dwarfs. By benchmark systems we mean
MS stars or white dwarfs that have L or T dwarfs as companions. For this we use the
Smith et al. (2014b) catalogue, which contains 223 959 objects with 5σ proper motions
that were calculated using the 2 epoch J measurements in the UKIDSS LAS, J1 and
J2. We crossmatch our sample using a 1′′ matching radius with the catalogue to find
the proper motions of L and T dwarfs present in both. This gives 306 L and T dwarfs
(aka secondaries) that are matched to the catalogue using a much larger matching radius
of 1000′′ to find potential primaries to our sources, of which 4777 are found. The next
step is to remove sources that have bad photometry, which is done be implementing the
following quality flags: the companions have to be classified as stellar (J 1class=-1,
J 2class=-1) and have low ellipticity (J 1Ell<0.3, J 2Ell<0.3). Primary candidates
that are fainter than our L or T dwarfs are removed.
The next step is to determine if the two components of the benchmark system have
similar proper motions. This means the total proper motion for our L or T dwarf (PM),
the difference between the proper motion of the L or T dwarf and the companion (dPM)
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and the error in that difference (edPM) have to be calculated using
PMBD =
√
PM(R.ABD)2 + PM(decl.BD)2, (4.2)
PMmatch =
√
PM(R.Amatch)2 + PM(decl.match)2, (4.3)
dPM =
√
(PM(R.A.BD) − PM(R.A.match))2 + (PM(decl.BD) − PM(decl.match))2, (4.4)
edPM =
√
e PM(R.A.BD)2 + e PM(R.A.match)2 + e PM(decl.BD)2 + e PM(decl.match)2,
(4.5)
where PM(R.A.BD) and PM(decl.BD) are the proper motions of the L or T dwarf while
PM(R.A.match) and PM(decl.match) are the proper motions of the potential companion.
The L or T dwarf and companion proper motion errors are noted as: e PM(R.A.BD),
e PM(R.A.match), e PM(decl.BD) and e PM(decl.match). To remove sources where the ob-
ject is matched to itself, we remove pairs with dPM = 0. The next step is to calculate the
significance s of the proper motion, i.e. how big is the chance that the two proper motions
are indeed the same or very similar and not just coincidentally give similar values. This
is calculated using:
s =
dPM
edPM
. (4.6)
We require s < 1 as that means that the difference in proper motion is smaller than the
error in the difference of the proper motion. If s > 1 this means that edPM is greater
than dPM and therefore the two components might have different proper motions. After
removing all sources that do not fulfil these criteria, we have 92 candidates remaining
which are shown in Figure 4.1. To determine the distance between the components of
those benchmark systems, we calculate the distance between them along a great circle
using Equation 4.1.
The most likely binary candidates are systems with high proper motions, small s
(meaning that the difference between the proper motions of the two components is not
significant), and low separations between the two components. Smith et al. (2014a) re-
cently concluded that potential benchmark systems with separations of more than 300′′
are most likely chance associations, therefore we do not analyse them further here. This
cut off might exclude closer by systems (< 83pc) with > 300′′ as bound systems can have
separation up to around 25000AU. Some members of unknown young moving groups
could be even further apart. We present the 14 systems with separations of less than 300′′
in Table 4.2 and Figure 4.2 and discuss the five systems with separations < 50′′ between
components below. It is worth noting that the uncertainties in the spectral type of, in
particular, the primaries can lead to incorrect distances, as those are derived using the ab-
solute magnitude of the object, which is obtained from the spectral type against absolute
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Figure 4.1: This plot shows the total proper motion of our L and T dwarfs and their
companions against the significance of proper motion. The smaller the significance is,
the more the sources are likely to be a real bound system. We also give priority to systems
with lower spatial separations, as those are more likely real.
Figure 4.2: This plot illustrates the same potential benchmark systems as Figure 4.1, but
excludes systems with separations greater than 300′′.
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magnitude relation in Dupuy & Liu (2012).
The system with the smallest separation (3.78′′), but highest proper motion (270.71
mas/yr) is known. The primary is a pulsating white dwarf, V* CX Boo (ULAS
J142439.04+091713.09), where the spectral type DA4.1 was published in Gianninas et al.
(2011). The secondary is GD 165B, spectroscopically classified as L4 in Kirkpatrick
(2005). In our sample it is known as ULAS J142438.98+091709.42, an L4.5: with low
χ2 = 2.04.
The next system discussed has a proper motion of 192.32mas/yr and the secondary
is SDSS J095324.6+052658.4, a source classified as L1: with χ2 = 3.36 by photo-type.
This binary was first published by Zhang et al. (2010), where the two components are
NLTT22851 (095324.2+052700.9, M4V) and our source, spectroscopically classified as
an M9.5 dwarf. The separation between the two components is 5.48′′.
The system with the third smallest separation is not known so far. It is a binary
where 2MASS J12594217+1001407, a high proper motion object from Le´pine & Shara
(2005), is the primary and ULAS J125941.6+100138.4, classified as L6: (χ2 = 60.12)
by photo-type is the secondary. While the primary is known as a proper motion object,
it has not been connected to the brown dwarf. The primary has Y − J ∼ 0.70, J − H ∼
0.50, and H − K ∼ 0.42 in agreement with the photometry of an M5.5 dwarf (Hewett
et al. (2006), Table 9) placing it at a distance of 45.47±7.27pc (using the Dupuy & Liu
(2012) absolute magnitude vs. spectral type relation). The distance to the secondary is
calculated as 43.29±6.93 confirming that this appears to be a real bound system and not
just a chance alignment. The separation of the two components is 7.70′′ and the proper
motion is 160.08mas/yr.
Another system with a separation of less than 10′′ is ULAS J143134.61+041027.58,
an L0 dwarf with χ2 = 0.87 and the also unknown primary, ULAS J143135.19+041025.10,
with a separation of 8.94′′ and proper motion of 58.82mas/yr. The primary is bright for
UKIDSS and therefore potentially saturated, making its YJHK unreliable. We use its
u − g = 1.5 and g − r = 1.74 colours and the Hewett et al. (2006) templates to classify
it as M2V. As the Dupuy & Liu (2012) absolute magnitude to spectral type relation does
not extend to very early M dwarfs, its distance cannot be estimated.
The last system to have a separation below 50′′ is the potential binary system ULAS
J142016.86+120738.9 + ULAS J142017.83+120753.5, which is so far unknown. The
secondary is an L1 dwarf with χ2 = 25.28. The two components are separated by 20.38′′
and the proper motion is 114.95mas/yr. The primary has an unreliable u band measure-
ment and its g− r = 1.94, Y − J = 0.65, J −H = 0.47, and H −K = 0.38 colours are used
to constrain its spectral type. All but the Y − J colour seem to indicate that this is an M6V,
which places it at a distance of 55.01±8.80pc (Hewett et al., 2006), while the secondary
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is 89.53±14.32pc away. As the distances agree at 2σ level, this is possibly a real system
and a more accurate spectral type for the primary should be determined in the future.
The analysis has produced several interesting candidates which it would be valuable
to follow up with spectroscopic observations.
4.3 Space Density
Due to the large number of early-L dwarfs in our sample, it is ideal to produce the best
estimate of the space density to date. We also attempt to calculate the scale height of L
and T dwarfs. For this we group the sample in three slices ranging from 0-50, 50-80 and
80-110pc above or below the Galactic Plane/Sun. We calculate limiting distances, i.e. the
maximum distance each L and T dwarf can be seen to if J = 17.5 (our magnitude limit),
using the absolute magnitude against spectral type relation from Dupuy & Liu (2012).
The largest number of L and T dwarfs in a volume limited sample can be achieved by
selecting L0-L2 dwarfs (512 sources), where the limiting distance is 119.66pc.
Once the number of sources per slice is determined, we need to calculate the observed
volume per slice. From the Galactic latitude and the maximum and minimum distance
above the Galactic plane, the maximum and minimum distance d is calculated to deter-
mine the volume. This is either the limiting distance of d = 119.66pc or d = zmax/ sin(b),
where zmax is the vertical distance above the plane, depending on which one is smaller,
where b is the Galactic Latitude. For each slice and b bin we calculate the volume we
observed using:
V =
A
3
×
(
pi
180
)2
× (d3max − d3min), (4.7)
where A is the area observed in each 10deg Galactic latitude bin, dmax and dmin are the
distance at the maximum and minimum z for each slice. By dividing the number of
sources in each slice by the observed volume in that slice, we calculate the space density
of early L dwarfs in the solar neighbourhood. The results are plotted in Figures 4.3 and
Figure 4.4. The red line overplotted is calculated using:
ρ ∝ exp
(
− d
d0
)
, (4.8)
where d0 here is given as the scale height of M dwarfs and equal to 300pc (Bochanski
et al., 2007). The first figure illustrates the space density of early-L dwarfs assuming that
the Sun is located in the Galactic Plane and seems to indicate that the scale height can be
determined. The second figure introduces an offset, where the Sun is located 20pc above
the Galactic Plane, which is what is actually the case (Reed, 2006). Here it can be clearly
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Figure 4.3: This plot illustrates the space density of L0-L2 dwarfs in the solar neigh-
bourhood, assuming that the Sun is located in the Galactic Plane.
seen that the scale height cannot be calculated from the available data. This means we
have to resort to deeper data, as discussed in the further work section of this thesis.
We also determine the space density for each spectral type using our sample. We
correct for the M dwarf scale height (as the L and T scale height is not known) and
illustrate our results in Figure 4.5. It can be seen that our estimate for the last two bins
has very large errors due to the small number of T7 and T8 dwarfs in our sample. We also
compare our space density results to the literature, in particular to Cruz et al. (2007) and
Reyle´ et al. (2010). For this we have to bin the data in the same way as them, i.e 1 L0-L9
bin for Cruz et al. (2007) and 3 bins (L5-T0, T1-T5, T6-T8) for Reyle´ et al. (2010). The
results are compared in Figure 4.6 and summarised in Table 4.3. As can be seen from the
plot, our errors for each bin are much smaller than in Cruz et al. (2007) and Reyle´ et al.
(2010). There is also a discrepancy between our results and the T dwarf bins in Reyle´
et al. (2010). We find a higher space density for T1-T5 and a much lower space density
for T6-T8.
The space densities obtained here and in Reyle´ et al. (2010) are both overestimations,
as neither they nor we correct for binarity. Many brown dwarfs are in unresolved binary
systems, meaning that they are brighter and can be detected to further distances/greater
volumes than isolated brown dwarfs. This causes a significant bias in space densities
calculated from magnitude and volume limited samples.
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Figure 4.4: This plot illustrates the space density of L0-L2 dwarfs in the solar neigh-
bourhood, where the Sun is placed 20pc (Reed, 2006) above the Galactic Plane, as is
really the case.
Figure 4.5: This plot illustrates the space densities obtained from our sample and cor-
rected using the M dwarf scale height for each spectral type.
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Figure 4.6: This plot illustrates the space densities from Cruz et al. (2007) (yellow) and
Reyle´ et al. (2010) (red) and compares it to our values in black.
SpT Space Density (Reference) this work
L0-L9 3.8+0.6−0.6 × 10−3 (Cruz et al., 2007) 3.6 ± 0.1 × 10−3
L5-T0 2.0+0.8−0.7 × 10−3 (Reyle´ et al., 2010) 1.9 ± 0.2 × 10−3
T1-T5 1.4+0.3−0.2 × 10−3 (Reyle´ et al., 2010) 2.2 ± 0.3 × 10−3
T6-T8 5.3+3.1−2.2 × 10−3 (Reyle´ et al., 2010) 1.5 ± 0.4 × 10−3
Table 4.3: This Table summarises the space density results from the literature and our
sample.
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Figure 4.7: This plot illustrates the J − K colour of our sample of 1154 sources and
marks the 42 sources classified as potentially unusually blue or red objects using the
criteria from Faherty et al. (2009) in red.
4.4 Red and Blue Outliers
The size of our sample and the accuracy of our NIR photometry is ideal to look for pe-
culiar populations of brown dwarfs. We use the criteria used in Faherty et al. (2009) to
search for unusually blue or unusually red objects. They require errors of less than 0.2mag
in J and K, which all but one of our sources (ULAS J141623.94+134836.3, T7.5 compan-
ion to sdL7 SDSS J141624.08+134826.7) have and then remove any known sub-dwarfs
(2MASS J11582077+0435014, sdL7) and binary systems (2MASS J07354882+2720167,
L1+L4). We calculate the mean and standard deviation for each spectral type using the
J − K colour of the objects in our sample. All objects more than 2σ from the calcu-
lated mean are considered outliers. This results in 42 sources, where 15 appear too red,
summarised in Table 4.4 and 27 appear too blue (Table 4.5). None of these sources have
spectral types later than L5. This is most likely due to the small number of objects in
each of the later spectral type bins. While the extreme blueness or redness of a source
indicates it could belong to a peculiar population, this is not enough. A way to constrain
the properties of those sources better is to determine their tangential velocities, as those
vary depending on where in the Milky Way the brown dwarf is located. Subdwarfs are a
population located in the Galactic Halo, which means their tangential velocities are much
larger (up to 250km/s, Faherty et al., 2009) than normal thin disk objects (vt ∼50km/s,
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R.A.(2000) decl.(2000) J − K µJ−K 2σJ−K SpT χ2
00 13 06.33 +05 08 51.24 1.85±0.02 1.63 0.18 L4.5 50.01
00 33 42.97 –01 00 34.11 1.49±0.05 1.30 0.18 L1.5 13.01
00 41 03.77 +09 23 19.97 1.42±0.04 1.26 0.15 L1 10.56
01 50 05.18 +05 56 18.18 1.38±0.04 1.22 0.14 L0.5 6.92
02 23 25.46 +06 43 16.87 1.48±0.02 1.30 0.18 L1.5 54.66
03 26 41.81 +04 47 15.73 1.58±0.04 1.39 0.19 L2.5 18.70
07 39 11.90 +27 09 53.24 1.41±0.02 1.26 0.15 L1 19.13
11 43 42.43 +13 00 12.58 1.45±0.02 1.26 0.15 L1 19.42
12 12 33.92 +02 06 27.04 1.45±0.02 1.26 0.15 L1 26.081
12 57 42.21 +12 28 45.29 1.32±0.03 1.18 0.13 L0 6.98
13 54 44.70 +31 47 25.15 1.86±0.03 1.67 0.18 L5 26.38
16 18 12.18 +22 10 07.18 1.41±0.03 1.26 0.15 L1 13.03
21 57 20.33 +01 29 55.92 1.43±0.03 1.22 0.14 L0.5 13.13
22 39 33.54 +08 46 56.60 1.48±0.02 1.30 0.18 L1.5 20.64
23 33 33.45 +02 51 28.48 1.82±0.02 1.63 0.18 L4.5 47.08
1L1 red photometric outlier (Faherty et al., 2009)
Table 4.4: This Table summarises the coordinates, J − K colours, spectral types and χ2
values for the 15 red outliers in our sample.
Seifahrt et al., 2010).
We crossmatch these 42 sources with the Smith et al. (2014b) proper motion cata-
logue which results in 9 matches. We determine d of the objects by using the spectral
type against absolute magnitude relation from Dupuy & Liu (2012) and calculate vt, sum-
marised in Table 4.6. The only two source with tangential velocities large enough to be
subdwarfs are ULAS J1542-0045 which was first noticed in Metchev et al. (2008) and
ULAS J1331-0117 which is followed up and discussed in Chapter 5. As can be seen from
the tables, many of the sources have large χ2 values, which indicates that χ2 is another
way to find peculiar objects.
A χ2 > 50 cut, for example, leaves 23 sources for further analysis. Because the
selections does not depend on the number of objects in each subtype bin, these range
between L0 and T8. This way also considers the whole SED of each source and weights
the errors for each magnitude correctly, instead of just selecting on the J−K colour which
potentially has errors up to 0.2mag (which is large for UKIDSS). A χ2 based selection of
peculiar objects should be applied in the future . It can help shortlist peculiar sources for
spectroscopic follow up observations (see also Section 5.7).
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R.A.(2000) Dec(2000) J − K µJ−K 2σJ−K SpT χ2
08 11 35.61 +28 41 57.59 1.05±0.04 1.22 0.14 L0.5 13.77
10 19 50.97 +04 49 41.00 1.19±0.02 1.36 0.14 L2 15.08
10 30 26.83 +02 13 06.84 1.38±0.03 1.54 0.16 L4 20.991
11 30 27.48 –03 16 35.60 1.04±0.02 1.22 0.14 L0.5 12.61
11 44 12.46 +04 44 49.65 1.02±0.04 1.22 0.14 L0.5 38.32
11 50 13.07 +05 20 10.44 1.41±0.02 1.63 0.18 L4.5 24.792
11 52 26.54 +05 19 03.60 0.94±0.05 1.22 0.14 L0.5 15.10
12 13 04.69 +15 29 21.27 0.99±0.02 1.18 0.13 L0 15.183
12 53 36.43 +34 34 27.87 1.07±0.05 1.22 0.14 L0.5 5.67
12 58 03.52 +26 34 28.96 1.17±0.03 1.36 0.14 L2 28.20
13 31 48.67 –01 17 00.67 1.28±0.02 1.50 0.18 L3.5 70.604
13 38 36.97 –02 29 10.70 1.01±0.06 1.26 0.15 L1 15.50
13 44 23.99 +28 06 03.86 1.06±0.03 1.26 0.15 L1 24.29
14 12 03.86 +12 16 09.95 0.89±0.02 1.30 0.18 L1.5 52.93
14 51 04.73 +06 35 15.44 1.07±0.03 1.30 0.18 L1.5 11.96
14 54 50.22 +10 02 27.05 1.09±0.02 1.26 0.15 L1 5.28
15 05 31.70 +01 02 32.73 1.01±0.05 1.30 0.18 L1.5 27.37
15 13 25.75 +11 59 12.30 1.07±0.03 1.22 0.14 L0.5 18.38
15 16 49.85 +08 36 07.14 1.09±0.03 1.39 0.19 L2.5 23.74
15 25 53.41 +05 59 57.70 1.02±0.03 1.18 0.13 L0 9.18
15 31 28.47 +07 37 55.06 1.16±0.02 1.36 0.14 L2 19.71
15 41 06.54 +28 58 48.35 1.30±0.03 1.50 0.18 L3.5 17.54
15 42 36.02 –00 45 46.58 1.18±0.03 1.36 0.14 L2 19.095
16 19 32.48 +26 05 33.44 1.26±0.03 1.45 0.18 L3 16.60
22 47 49.78 +05 32 07.92 1.04±0.05 1.18 0.13 L0 11.71
22 50 16.39 +08 08 22.48 0.99±0.02 1.26 0.15 L1 31.76
23 07 22.60 –00 57 46.71 0.85±0.05 1.18 0.13 L0 18.566
1L9.5 (Knapp et al., 2004)
2L6 (Schmidt et al., 2010)
3L4 (Zhang et al., 2010)
4followed up and discussed in Chapter 5
5BD candidate (Metchev et al., 2008)
6L1 (Scholz et al., 2009)
Table 4.5: This Table summarises the coordinates, J − K colours, spectral types and χ2
values for the 27 blue outliers in our sample.
117
4.4 Red and Blue Outliers Chapter 4: Analysis and Properties
R.A. (2000) decl. (2000) PM (mas/yr) d (pc) vt (km/s) SpT χ2
11 44 12.46 +04 44 49.65 107.52±10.59 112.51±18.13 57.34±10.83 L0.5 38.3
13 31 48.67 –01 17 00.67 1121.95±20.6 33.17±5.35 176.40±28.62 L3.5 70.61
14 12 03.86 +12 16 09.95 227.45±14.26 75.48±12.17 81.38±14.08 L1.5 52.9
14 51 04.73 +06 35 15.44 93.23±7.58 104.04±16.77 45.98±8.30 L1.5 12.0
15 13 25.75 +11 59 12.30 66.24±8.68 128.48±20.71 40.34±8.38 L0.5 18.4
15 16 49.85 +08 36 07.14 176.67±9.68 102.16±16.47 85.55±14.56 L2.5 23.7
15 25 53.41 +05 59 57.70 41.39±6.92 140.99±22.73 27.66±6.42 L0 9.2
15 41 06.54 +28 58 48.35 83.07±12.31 70.04±11.29 27.58±6.04 L3.5 17.5
15 42 36.02 –00 45 46.58 531.8±10.51 87.5±14.10 220.58±35.82 L2 19.12
1followed up and discussed in Chapter 5
2BD candidate (Metchev et al., 2008)
Table 4.6: This Table summarises the 9 objects with proper motions from Smith et al.
(2014b). We note their coordinates, proper motions, distances, tangential velocities, spec-
tral types and χ2 values.
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5.1 Overview
In this Chapter we discuss the 20 NIR spectra we obtained on the work horse of brown
dwarf science, the SpeX instrument at the IRTF in Hawai’i. These were obtained in
an attempt to quantify the accuracy of photo-type and to analyse unusual sources in more
detail. Here we summarise the data reduction pipeline of SpeX, show the classified spectra
and compare them to the SED fits obtained from photo-type.
5.2 Sample Selection
We selected three types of candidate for follow up: normal L and T dwarfs, peculiar
sources and potential unresolved binaries. We found sources in our sample that are ob-
servable from Hawai’i between March and November and applied a magnitude cut at
J < 17.0 as SpeX struggles with observing fainter objects. Then we selected 20 objects
with reduced χ2 < 15 at random. These are the normal objects used to test photo-type and
constrain its accuracy in an independent way. The 10 objects with highest χ2 values that
passed our extensive visual checking were used as the sample of peculiar objects. These
appear photometrically interesting and we want to analyse them in more detail. The last
10 objects queued were potential binary candidates, where we selected the sources with
the greatest improvement in χ2 between single and binary fits. These are interesting as
unresolved binaries have to be found to avoid the skewing of the IMF and also because
we wanted to test how accurate our photo-type method was for binary classifications. We
then selected objects from these lists on each night, in the end observing 8, 8, 4 candidates
from the three categories.
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R.A (2000) decl. (2000) Date (UT) J (mag) Exp. time (sec) Slit Width (′′) A0 star
00 13 06.33 +05 08 51.2 24/11/2013 16.75 1800 0.8 HD 219833
00 26 40.46 +06 32 15.1 29/10/2013 14.42 720 0.5 HD 6457
00 55 05.69 +01 34 36.0 24/11/2013 16.37 1200 0.8 HD 13936
01 09 07.42 +06 25 59.0 29/10/2013 14.49 960 0.5 HD 6457
01 35 25.37 +02 05 18.5 20/11/2013 16.48 1500 0.8 HD 13936
02 46 10.23 +01 56 44.3 20/11/2013 16.85 1500 0.8 HD 18571
07 41 04.39 +23 16 37.6 20/11/2013 16.04 1500 0.8 HD 58296
08 49 37.09 +27 39 26.8 20/11/2013 16.37 1440 0.8 HD 71906
09 15 44.13 +05 31 04.0 22/11/2013 16.93 1440 0.8 HD 79108
09 36 21.87 +06 29 39.1 20/11/2013 16.45 1500 0.8 HD 71908
09 44 19.56 +32 16 05.2 27/03/2013 17.19 1800 0.8 HD 89239
10 19 50.97 +04 49 41.0 24/11/2013 16.82 1080 0.8 HD 89239
10 29 35.20 +06 20 28.6 20/11/2013 16.71 1500 0.8 HD 71908
10 48 14.77 +13 58 32.7 22/11/2013 16.72 1440 0.8 HD 89239
10 53 20.24 +04 52 22.3 22/11/2013 14.78 360 0.8 HD 92245
11 29 26.00 +11 44 36.2 10/05/2013 16.56 800 0.8 HD 97585
13 31 48.67 −01 17 00.7 26/03/2013 15.33 1200 0.8 HD 116960
23 08 52.99 +02 50 52.0 20/11/2013 16.08 1500 0.8 HD 219833
23 32 27.03 +12 34 52.1 24/11/2013 16.90 1800 0.8 HD 210501
23 34 32.53 +13 13 15.3 24/11/2013 16.60 1500 0.8 HD 210501
Table 5.1: This table gives an overview of the date of the observation, the slit used, its
J magnitude, the total exposure time (Exp. time) and the A0 star used to calibrate the
spectrum.
5.3 Observations
All spectra were taken by SpeX, a 0.8 - 5.5µm medium-resolution spectrograph and im-
ager mounted on the NASA 3.0m Infrared Telescope Facility (IRTF) in Hawai’i. For this
project we use the high throughput prism mode designed for faint objects which covers
a wavelength range of 0.8 − 2.5µm (Rayner et al., 2003). All objects were followed up
between March and November 2013. Jackie Faherty took three spectra during her 26-
27th March run and one during her 10th May time allocation. Adam Burgasser did some
followup for us on the 29th October and Jackie Faherty and I took the spectra for the
remaining 15 objects between the 20-22 and 24th November 2013 (thick cirrus on the
22nd, otherwise clear). Observations were done using the 0.5 × 15′′ slit on October 29th
(ie. R = λ/∆λ = 150) and the 0.8 × 15′′ slit otherwise (ie. R = λ/∆λ = 75). Table 5.1
summarises the exposure times, dates of observation, J magnitude, slit size and A0 star
used during the observations of the 20 followed up sources.
5.4 Data Reduction using SpexTool
The spectral data reduction is significantly simplified by the SpeX pipeline designed by
Cushing et al. (2004). It consists of several IDL routines, namely xspextool, xcombspec
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and xtellcor that can be easily used to reduce the data.
First the spectra have to be flat fielded, meaning all artefacts due to pixel-to-pixel sen-
sitivity are removed. After this, the detected flux is solely part of the source or background
sky, and not caused by imperfections in the detector. This is done using xspextool which
compiles the master calibration files (one master flat and the necessary wavelength cali-
brations) that are used for the data reduction of each source.
The next step is to conduct the first order sky subtraction, which in the optical is done
by flat fielding the image and then subtracting a fitted polynomial below the source. This is
not accurate enough for NIR spectroscopy as the NIR sky is bright. All our observations
are done in an AB pattern, where the source moves from the top of the slit (A) to the
bottom of the slit (B) and back again, to make background subtractions easier. To get the
first order sky subtraction we take A image - B image and fit a polynomial to the residuals
(second order sky subtraction).
xspextool then determines the extraction apertures by making spatial profiles,
tracks the resulting spectra along the signal, and combines them to produce a reduced
spectrum for each AB pair. Figure 5.1 shows the signal for science target-sky (T+, white)
and sky-science target (T−, black) for one pair of AB observations.
The procedure to determine the extraction apertures is automated, but can be man-
ually modified. Figure 5.2 provides a visual demonstration of the default settings. The
PSF radius (orange dotted line) is 2.2, the Aperture Radius (dark pink dotted line) is 1.0,
the background starts at 2.2, the width of the background is 2.0 (turquoise region) and
it is usually fit with a zeroth order polynomial (green dotted line). If a certain observa-
tion is bad, for example because the source moved out of the slit, that observation can
be removed at this point. This avoids contamination by bad sky conditions or other ob-
servational problems. Once these parameters are defined the program traces the T+ and
T− signal in each spectrum as illustrated in Figure 5.3. The resulting trace in T+ and T−
is then used to construct the reduced spectrum for one pair of AB. Figure 5.4 shows the
spectrum of ULAS J0741+2316 that is produced at the end of the xspextool routine. All
our observations were done by taking several AB cycles and combining them to reduce
the noise in the final spectrum.
The different AB image pairs have to be combined into one using xcombspec. All
AB pairs are plotted on top of each other so one can examine if there is a spectrum that is
particularly troublesome. By overlaying the different observations bad pixel can easily be
removed (like for example the green spike at 0.7µm in Figure 5.5). Once only good AB
pairs remain, the weighted mean of those is calculated and they are combined using the
robust weighted mean into one spectrum with lower noise shown in Figure 5.6.
The science target spectra are calibrated and unwanted telluric features are removed
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Figure 5.1: The ximgtool incorporated into xspextool showing the two signals,
target-sky in white and sky-target in black. ULAS J0741+2316 is a relatively bright
source with good signal.
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Figure 5.2: The spatial profile of ULAS J0741+2316 where red is the centre of the sig-
nal, the dark pink dotted line shows the Aperture Radius (default 1.0), the orange dotted
line is the PSF Radius (default 2.2), the turquoise regions represent the background and
the green dotted line shows the degree of the polynomial fit of the background (default
0).
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Figure 5.3: This shows the target-sky at the bottom and sky-target at the top for ULAS
J0741+2316 while they are being traced by the program to produce the reduced AB
spectrum.
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Figure 5.4: The ULAS J0741+2316 spectrum obtained from reducing one AB pair of
observations.
Figure 5.5: All AB pairs of ULAS J0741+2316 overlayed on top of each other, making
it easier to remove bad pixels (e.g. green spike).
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Figure 5.6: The weighted robust mean of all AB pairs gives the combined ULAS
J0741+2316 spectrum shown here.
by using the spectra of A0V stars. These are reduced in the same way and the observations
are done in nearly identical conditions just before or just after the brown dwarf observa-
tions. The closer the airmass of the A0V star to the science target during observations, the
more accurately the telluric correction can be done. Most A0V stars used for calibration
have magnitudes ranging from 5-8 in B and V . Any fainter sources are usually avoided,
except in very good weather conditions. As the minimum exposure time for SpeX is 0.1
seconds, A0V stars with B and V around 5mag can be saturated in photometric conditions.
Then one has to use fainter sources.
The flux calibration curve is obtained by dividing the A0V star for each science target
by Vega, which by definition is an A0V star of magnitude zero. This converts the counts
of the observed star to real flux units. Cushing et al. (2004) warns that Vega is a rapid
rotator that is seen pole-on, which means its Balmer lines differ from other A0V stars as
they are not Doppler broadened. This can result in wiggles around the Balmer lines which
can be interpolated over as they are well separated from telluric lines. This is done using
the IDL routine xtellcor and illustrated in Figure 5.7.
The telluric spectrum and science target can be slightly misaligned, but this can easily be
adjusted by aligning the telluric features of both sources (demonstrated in Figure 5.8). Di-
viding the science target spectrum by the telluric spectrum gives the brown dwarf spectra
corrected for telluric features. These are the spectra used in the rest of the Chapter.
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Figure 5.7: This shows the A0V star spectrum of HD58296 in white, the atmosphere
in yellow and the different absorption lines in green. Here one can interpolate over the
Balmer lines.
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Figure 5.8: As the telluric spectrum and science target are usually slightly misaligned,
the telluric features have to be aligned in order to obtain the final spectrum.
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5.5 Spectral Typing
The spectra reduced in the manner described above are classified using the SpeX Prism
Spectral Library (http://pono.ucsd.edu/∼adam/browndwarfs/spexprism/libra
ry.html) maintained by Adam Burgasser. This is a database of standard dwarfs ranging
from M7-T8. While there are two separate M and L dwarf standards, one defined in the
optical and one in the NIR, the T dwarfs are only defined in the NIR. The optical and NIR
spectral types of L dwarfs can differ by several subtypes for peculiar objects. A possible
explanation for these discrepancies are unresolved brown dwarfs binaries and unusually
blue L dwarfs. The latter usually have earlier subtypes in the optical than in the NIR
which is probably related to surface gravity, metallicity and condensate clouds (Burgasser
et al., 2008a).
Spectroscopy measures particular absorption features which are based on element
abundances and compares to known standards, in an attempt to classify a brown dwarf
onto the optical or NIR spectral sequence. While a spectral classification using a good
resolution spectrum is by definition correct, the spectral sequence is only based on a very
limited wavelength range. Very few brown dwarfs have both, optical and NIR, spectra
available, making it hard to find peculiar objects with different optical and NIR classifi-
cations.
Those can be found using photo-type which considers the difference in magnitude
between different bands and uses a much larger range of wavelengths. While photo-
type does not use specific absorption features, it can be affected by those, i.e. T dwarfs
becoming bluer is caused by deep methane absorption appearing in their spectra. The
larger wavelength range allows to pick out sources with different optical and NIR spectral
types as peculiar high χ2 objects.
This means that for normal objects photo-type gives the same results as spectral type,
but on top of that is capable of identifying peculiar sources and their degree of pecularity.
Therefore one could say that optical or NIR spectral typing alone is inferior to photo-
type, while obtaining a spectral type from both optical and NIR spectra is superior to the
classification given by photo- type.
Once the spectra are reduced, we normalise them to J (except for ULAS J2332+1234,
which is normalised to H). While the J peak is used, the exact wavelength over which
the mean is calculated depends on the spectrum. We note the exact range used for each
object in its figure caption, and note that it is always between 1.25-1.32µm. These spectra
are then classified by eye by comparing them to the NIR spectral standards (i.e. the most
stereotypical brown dwarfs for each subtype) listed in Table 5.2. These classifications
were double checked by Jackie Faherty. We followed up eight normal brown dwarfs to
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Object Name 2MASS Designation SpT Res Reference
VB 8 J16553529–0823401 M7 120 Burgasser et al. (2008a)
VB 10 J19165762+0509021 M8 120 Burgasser (2004a)
LHS2924 J14284323+3310391 M9 120 Burgasser & McElwain (2006)
2MASP J0345+2540 J03454316+2540233 L0 75 Burgasser & McElwain (2006)
2MASSW J2130-0845 J21304464–0845205 L1 120 Kirkpatrick et al. (2010)
Kelu-1 J13054019–2541059 L2 120 Burgasser et al. (2007b)
2MASSW J1506+1321 J15065441+1321060 L3 120 Burgasser (2007)
2MASS J2158-1550 J21580457–1550098 L4 120 Kirkpatrick et al. (2010)
SDSS J0835+1953 J08350616+1953044 L5 120 Chiu et al. (2006)
2MASSI J1010-0406 J10101480–0406499 L6 120 Reid et al. (2006)
2MASSI J0103+1935 J01033203+1935361 L7 120 Cruz et al. (2004)
2MASSW J1632+1904 J16322911+1904407 L8 75 Burgasser (2007)
DENIS-P J0255-4700 J02550357–4700509 L9 120 Burgasser et al. (2006b)
SDSS J1207+0244 J12074717+0244248 T0 120 Looper et al. (2007)
SDSS J0151+1244 J01514169+1244296 T1 120 Burgasser et al. (2004)
SDSSp J1254-0122 J12545390–0122474 T2 120 Burgasser et al. (2004)
2MASS J1209-1004 J12095613–1004008 T3 120 Burgasser et al. (2004)
2MASSI J2254+3123 J22541892+3123498 T4 120 Burgasser et al. (2004)
2MASS J1503+2525 J15031961+2525196 T5 120 Burgasser et al. (2004)
SDSSp J1624+0029 J16241437+0029156 T6 120 Burgasser et al. (2006a)
2MASSI J0727+1710 J07271824+1710012 T7 120 Burgasser et al. (2006a)
2MASSI J0415-0935 J04151954–0935066 T8 120 Burgasser et al. (2004)
Table 5.2: This table lists the spectral stan-
dard templates from the SpeX Prism Spectral Library
(http://pono.ucsd.edu/ adam/browndwarfs/spexprism/library.html)
maintained by Adam Burgasser that are used for spectral classification. We note the
object names, NIR spectral types, resolution and paper they were first typed in.
test the accuracy of photo-type which are discussed in §5.6. The remaining objects are
unusual, which means they are either peculiar or potential unresolved binaries. Those are
discussed in §5.7.1 and §5.7.2.
5.6 Normal Brown Dwarfs
We consider a brown dwarf to be stereotypical for its subtype if its χ2 < 15, as this
indicates a good template fit. We show a typical SED for one of our followed up sources,
ULAS J0915+0531, which is classified as a T3 dwarf with very low χ2 in Figure 5.9. The
black crosses represent the sources photometry with the errors being overplotted as error
bars. The best fitting photo-type template, T3, is overplotted in red, while we show T2 in
yellow and T4 in blue.
The spectroscopic fitting procedure for ULAS J0915+0531 is illustrated in Figure
5.10. To classify the spectra of our followed up objects, we normalise their spectra to
J and compare them to the standards normalised in the same way. In Figure 5.10 we
overplot the spectra of the T2 (yellow), T3 (red) and T4 (blue) standards to show that our
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Figure 5.9: Here the ULAS J0915+0531 SED is plotted with a T2 (χ2 = 8.14) / T3
(χ2 = 2.82) / T4 (χ2 = 10.85) template overplotted classifying it as T3.
source (in black) is indeed a stereotypical T3. While the J flux peak is fitted well with all
three standards, this is not the case for the H and K peaks where T2 is too red and T4 is
too blue.
The photometric properties, photo-type classifications, minimum χ2 values and spec-
troscopic classifications for the eight normal brown dwarfs are summarised in Table 5.3.
Their spectra together with the best fitting standards from the SpeX Prism library are plot-
ted in Figure 5.11. All spectra are normalised to J = 1 and moved by a constant value
to make the plot easier to read. Our L and T dwarfs are plotted in black and the standard
dwarf spectra are overplotted in colour. The ULAS J0849+2739 spectrum is quite noisy
and therefore the spectral typing here has an uncertainty of 1.
We use these dwarfs to calculate the accuracy of photo-type by taking the difference
between the photometric and the spectroscopic classification and calculating the disper-
sion. The result is 0.6 spectral types. While the sample is very small, we still show
that photo-type is accurate to better than 1 spectral type on average. None of our normal
sources are classified more than 1 subtype different between photo-type and the spectral
classification. This makes our method competitive with spectral typing.
131
5.6 Normal Brown Dwarfs Chapter 5: Spectroscopy
R
.A
.(
20
00
)
de
cl
.(
20
00
)
i±
ie
rr
z
±z
er
r
Y
±Y
er
r
J
±
Je
rr
H
±H
er
r
K
±K
er
r
W
1
±W
1e
rr
W
2
±W
2e
rr
Ph
T
χ
2
Sp
T
00
26
40
.4
6
+
06
32
15
.1
18
.5
3±
0.
01
16
.4
4±
0.
01
15
.5
2±
0.
01
14
.4
2±
0.
01
13
.7
6±
0.
01
13
.2
3±
0.
01
12
.9
6±
0.
03
12
.6
8±
0.
03
L
0.
5
7.
15
L
1
01
09
07
.4
2
+
06
25
59
.0
18
.5
5±
0.
02
16
.5
6±
0.
01
15
.6
5±
0.
01
14
.4
9±
0.
01
13
.8
5±
0.
01
13
.2
7±
0.
01
12
.7
6±
0.
02
12
.4
7±
0.
03
L
1.
5
7.
05
L
1
02
46
10
.2
3
+
01
56
44
.3
22
.0
5±
0.
14
19
.1
4±
0.
06
18
.0
4±
0.
03
16
.8
5±
0.
02
15
.8
7±
0.
02
15
.0
9±
0.
01
14
.2
9±
0.
03
13
.6
9±
0.
04
L
8
10
.6
2
L
8
07
41
04
.3
9
+
23
16
37
.6
19
.9
6±
0.
03
18
.0
3±
0.
02
17
.1
0±
0.
01
16
.0
4±
0.
01
15
.3
2±
0.
01
14
.7
0±
0.
01
–
–
L
1
2.
49
L
1a
08
49
37
.0
9
+
27
39
26
.8
20
.5
0±
0.
06
18
.4
3±
0.
04
17
.5
7±
0.
02
16
.3
7±
0.
01
15
.6
3±
0.
01
15
.0
2±
0.
01
14
.6
2±
0.
03
14
.3
9±
0.
06
L
2
0.
77
L
1b
09
15
44
.1
3
+
05
31
04
.0
23
.5
3±
0.
86
19
.3
2±
0.
14
18
.1
4±
0.
02
16
.9
3±
0.
01
16
.5
4±
0.
03
16
.5
8±
0.
05
–
–
T
3
11
.2
9
T
3c
10
29
35
.2
0
+
06
20
28
.6
22
.0
6±
0.
17
18
.8
4±
0.
05
17
.8
8±
0.
02
16
.7
1±
0.
01
15
.8
7±
0.
01
15
.1
6±
0.
01
14
.3
7±
0.
03
13
.8
6±
0.
05
L
9
12
.9
4
L
9.
5
10
53
20
.2
4
+
04
52
22
.3
18
.6
5±
0.
01
16
.6
5±
0.
01
15
.7
2±
0.
01
14
.7
8±
0.
01
14
.1
4±
0.
01
13
.5
8±
0.
01
13
.2
8±
0.
03
12
.9
4±
0.
03
L
0
3.
88
M
9
Ta
bl
e
5.
3:
T
hi
s
ta
bl
e
su
m
m
ar
is
es
th
e
ph
ot
om
et
ri
c
pr
op
er
tie
s
of
th
e
ei
gh
t
L
an
d
T
dw
ar
fs
w
ith
lo
w
χ
2
th
at
w
er
e
fo
llo
w
ed
up
.
W
e
no
te
th
ei
r
ph
ot
o-
ty
pe
cl
as
si
fic
at
io
ns
,t
he
as
so
ci
at
ed
m
in
im
um
χ
2
va
lu
e
an
d
th
e
be
st
fit
tin
g
sp
ec
tr
al
st
an
da
rd
s.
A
ll
m
ag
ni
tu
de
s
ar
e
qu
ot
ed
in
V
eg
a.
R
.A
.(
20
00
)
de
cl
.(
20
00
)
i±
ie
rr
z
±z
er
r
Y
±Y
er
r
J
±
Je
rr
H
±H
er
r
K
±K
er
r
W
1
±W
1e
rr
W
2
±W
2e
rr
Ph
T
χ
2
Sp
T
00
13
06
.3
3
+
05
08
51
.2
20
.5
9±
0.
09
18
.8
7±
0.
11
18
.1
0±
0.
03
16
.7
5±
0.
02
15
.7
2±
0.
01
14
.9
1±
0.
01
14
.3
3±
0.
03
13
.9
7±
0.
04
L
4.
5p
(L
4+
L
6)
50
.0
1
(5
0.
64
)
L
6
(r
ed
)
00
55
05
.6
9
+
01
34
36
.0
20
.6
3±
0.
07
18
.7
3±
0.
06
17
.7
1±
0.
02
16
.3
7±
0.
01
15
.2
9±
0.
01
14
.4
0±
0.
01
13
.7
1±
0.
03
13
.2
5±
0.
03
L
6p
(L
6+
L
6)
63
.5
8
(6
3.
58
)
L
2γ
09
36
21
.8
7
+
06
29
39
.1
19
.8
9±
0.
09
18
.1
1±
0.
07
17
.6
2±
0.
02
16
.4
5±
0.
01
15
.7
6±
0.
01
15
.1
5±
0.
01
14
.8
1±
0.
03
14
.5
±0
.0
6
L
0.
5p
(L
0+
L
1)
40
.4
4
(3
9.
85
)
L
1
09
44
19
.5
7
+
32
16
05
.3
21
.9
7±
0.
23
19
.3
3±
0.
10
18
.6
1±
0.
04
17
.1
9±
0.
02
16
.0
8±
0.
01
15
.1
5±
0.
01
14
.2
4±
0.
03
13
.6
9±
0.
03
L
7p
(L
7+
L
7)
10
1.
69
(1
01
.6
9)
L
7
10
19
50
.9
7
+
04
49
41
.0
21
.4
4±
0.
14
18
.9
6±
0.
07
18
.0
6±
0.
02
16
.8
2±
0.
01
16
.2
4±
0.
02
15
.6
3±
0.
02
15
.1
1±
0.
04
14
.8
9±
0.
10
L
2p
(L
2+
T
4)
15
.0
8
(9
.8
7)
L
4
(b
lu
e)
11
29
26
.0
0
+
11
44
36
.2
19
.8
6±
0.
13
18
.2
5±
0.
12
17
.7
6±
0.
02
16
.5
6±
0.
01
15
.8
1±
0.
02
15
.0
8±
0.
02
–
–
L
1.
5
(L
1+
L
3)
41
.2
3
(4
1.
30
)
L
1
23
08
52
.9
9
+
02
50
52
.0
19
.9
8±
0.
04
18
.1
6±
0.
03
17
.3
4±
0.
02
16
.0
8±
0.
01
15
.2
0±
0.
01
14
.5
0±
0.
01
14
.1
6±
0.
03
13
.9
2±
0.
04
L
2.
5
(L
2+
L
3)
25
.5
6
(2
5.
99
)
L
2p
23
34
32
.5
4
+
13
13
15
.3
21
.8
2±
0.
21
18
.8
3±
0.
06
17
.8
6±
0.
02
16
.6
0±
0.
01
15
.5
8±
0.
01
14
.6
6±
0.
01
13
.8
0±
0.
03
13
.2
8±
0.
03
L
7p
(L
7+
L
7)
46
.0
5
(4
6.
05
)
L
8
01
35
25
.3
7
+
02
05
18
.5
21
.7
3±
0.
13
18
.6
6±
0.
05
17
.5
5±
0.
02
16
.4
8±
0.
02
15
.6
6±
0.
01
14
.9
9±
0.
01
14
.2
8±
0.
03
13
.8
8±
0.
04
T
0p
(L
6+
T
3)
39
.9
1
(1
7.
18
)
L
9-
L
9.
5
10
48
14
.7
7
+
13
58
32
.7
21
.5
3±
0.
14
18
.8
8±
0.
07
17
.8
8±
0.
02
16
.7
2±
0.
01
16
.0
4±
0.
01
15
.3
8±
0.
01
14
.6
4±
0.
03
14
.5
0±
0.
06
L
3.
5p
(L
4+
T
4)
29
.0
9
(1
6.
57
)
L
4
(b
lu
e)
13
31
48
.6
7
−0
1
17
00
.7
20
.2
8±
0.
06
17
.5
4±
0.
03
16
.5
0±
0.
01
15
.3
3±
0.
01
14
.6
7±
0.
00
14
.0
5±
0.
01
13
.4
4±
0.
02
13
.1
5±
0.
03
L
3.
5p
(L
4+
T
4)
70
.6
1
(3
0.
24
)
L
4d
23
32
27
.0
3
+
12
34
52
.1
22
.2
7±
0.
27
19
.3
6±
0.
11
18
.1
0±
0.
04
16
.9
0±
0.
02
16
.3
9±
0.
03
15
.8
8±
0.
03
15
.1
8±
0.
04
14
.7
7±
0.
07
T
1.
5p
(L
8+
T
4)
35
.8
4
(2
5.
15
)
T
0
(b
lu
e)
Ta
bl
e
5.
4:
T
hi
s
ta
bl
e
su
m
m
ar
is
es
th
e
ph
ot
om
et
ri
c
pr
op
er
tie
s
of
th
e
12
L
an
d
T
dw
ar
fs
w
ith
χ
2
>
15
th
at
w
er
e
fo
llo
w
ed
up
.
W
e
no
te
th
ei
r
ph
ot
o-
ty
pe
cl
as
si
fic
at
io
ns
,t
he
as
so
ci
at
ed
m
in
im
um
χ
2
va
lu
e
an
d
th
e
be
st
fit
tin
g
sp
ec
tr
al
st
an
da
rd
s.
A
ll
m
ag
ni
tu
de
s
ar
e
qu
ot
ed
in
V
eg
a.
T
he
fir
st
ei
gh
ts
ou
rc
es
ar
e
cl
as
si
fie
d
as
pe
cu
lia
ro
bj
ec
ts
,b
ut
ar
e
no
tu
nr
es
ol
ve
d
bi
na
ry
ca
nd
id
at
es
.T
he
re
m
ai
ni
ng
fo
ur
so
ur
ce
s
ar
e
st
ro
ng
un
re
so
lv
ed
bi
na
ry
ca
nd
id
at
es
.W
e
st
at
e
th
e
be
st
bi
na
ry
fit
an
d
its
χ
2
fo
re
ac
h
so
ur
ce
in
br
ac
ke
ts
.I
fb
ot
h
bi
na
ry
co
m
po
ne
nt
s
ar
e
th
e
sa
m
e,
th
e
bi
na
ry
te
m
pl
at
e
co
lo
ur
s
ar
e
id
en
tic
al
to
th
e
si
ng
le
so
ur
ce
te
m
pl
at
es
.B
ec
au
se
w
e
do
no
th
av
e
ha
lf
-s
ub
ty
pe
s
fo
rb
in
ar
y
te
m
pl
at
es
,s
om
et
im
es
th
e
bi
na
ry
fit
gi
ve
s
a
la
rg
er
χ
2
th
an
th
e
si
ng
ul
ar
ha
lf
-s
ub
ty
pe
fit
.
a N
o
W
IS
E
,t
he
re
fo
re
th
e
χ
2
on
ly
us
es
th
e
iz
Y
JH
K
ba
nd
s
b L
ow
S/
N
sp
ec
tr
a,
th
er
ef
or
e
th
er
e
is
an
er
ro
ro
f±
1
in
sp
ec
tr
al
ty
pe
c N
o
W
IS
E
,t
he
re
fo
re
th
e
χ
2
on
ly
us
es
th
e
iz
Y
JH
K
ba
nd
s
d M
ar
oc
co
et
al
.(
20
13
)c
la
ss
ifi
es
th
e
so
ur
ce
s
as
a
lo
w
m
et
al
lic
ity
bl
ue
L
1
dw
ar
f.
132
5.7 Sources with χ2 > 15 Chapter 5: Spectroscopy
Figure 5.10: ULAS J0915+0531was photometrically classified as a normal T3 dwarf.
This Figure shows its spectrum in black with the T2 standard overplotted in yellow, T3
in red and T4 in blue. It can be easily seen that the source is indeed a stereotypical T3
dwarf.
5.7 Sources with χ2 > 15
In this section we discuss 12 sources with relatively high χ2 of > 15 that we followed up.
These can be split into two separate subgroups. The peculiar sources that cannot be fitted
well with any available singular or binary templates (discussed in §5.7.1) and potentially
unresolved brown dwarf binaries, which are objects where the binary fit improves the
χ2 by more than 7 (discussed in §5.7.2). In Table 5.4 we summarise the properties of
the 12 unusual objects, where we first list the peculiar objects and then the potential
binary candidates. We analyse each of the sources based on their χ2, their SED and their
spectrum.
We are also interested in determining the gravity of these objects to get a further
indication of their properties. Allers & Liu (2013) present gravity-sensitive features which
can be used to differentiate between field, intermediate-gravity or low-gravity objects
(Table 4, Table 9 and Equation 1). The calculated indices are based on the strengths of
absorption lines and the H continuum, applicable to M6-L7 dwarfs and named FeHz, VOz,
KIJ and Hcont..
L dwarf NIR spectra have many absorption features that are related to FeH absorption
(McLean et al., 2003), resulting in the atmospheres becoming more opaque. FeH appears
at 0.99, 1.20 and 1.55µm and increases in strength until L2-L3. It then becomes weaker
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Figure 5.11: Here we summarise the 8 objects with low χ2 that we obtained spectra
for to confirm the accuracy of photo-type. The sources are classified (from bottom to
top) as L1 (ULAS J0026+0632), L1 (ULAS J0109+0625), L8 (ULAS J0246+0156), L1
(ULAS J0741+2316), L1 (ULAS J0849+2739), T3 (ULAS J0915+0531), L9.5 (ULAS
J1029+0620), and M9 (ULAS J1053+0452).
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until it is nearly gone at L7. Low-gravity L dwarfs have much weaker FeH bands, and the
FeHz index is based on the depth of the 0.99µm absorption line.
Low-gravity L dwarfs have stronger VO bands than normal field L dwarfs, caused
by condensation effects and hydride opacities. The VOz index considers the depth of the
1.06µm VO absorption line and is larger, the deeper it is. Allers & Liu (2013) found that
VOz is most accurate for L0-L4.
Alkali lines are present in J band spectra of L dwarfs, where the KIJ index is sensitive
to gravity for M5-L6 dwarfs and measures the depth of the 1.244 and 1.253µm features.
The last gravity-sensitive index we calculate is Hcont. which can quantify the shape
of the H continuum. Low- and intermediate-gravity L dwarfs have what is considered
a hallmark of youth, a triangular H band. The shape of this differs between low- and
intermediate gravity dwarfs, where the latter have a shoulder at 1.57µm which appears to
be caused by FeH absorption and CIA of H2. The index attempts to quantify how much
the blue-end of the continuum resembles a straight line, which is the case for low-gravity
L dwarfs. The index can be used up to a spectral type of L7, but cannot be fully trusted
and has to be used in combination with the other indices, as it assigns low gravity to dusty
objects that are not young.
These four indices are combined into a gravity score, which is obtained in the fol-
lowing way:
Table 9 of Allers & Liu (2013) lists the values for each spectral type (ranging from M6-
L7) and index (FeHz, VOz, KIJ and Hcont.) that is in agreement with field-, intermediate-,
and low-gravity objects. A value of 0 is assigned to field dwarfs and 1 is assigned to
possible intermediate-gravity candidates, where the index has to lie at least 1σ away from
the field dwarf sequence. Low-gravity sources are denoted with a score of 2. No single
feature is totally reliable, therefore we calculate the median of these values to obtain the
gravity score which gives an indication of the gravity for each source. If the median is
below 0.5, the source is consistent with a normal field dwarf, a gravity score of 1 indicates
intermediate gravity, while a median greater than 1.5 is in agreement with a low-gravity
object.
An index determining if a source is very young is the H2(K) index described in Canty
et al. (2013) which is calculated using:
H2(K) =
Fλ(2.15 − 2.19µm)
Fλ(2.22 − 2.26µm) . (5.1)
H2(K) is > 1 for older objects (with negative K peak slopes) and ≤ 1 for very young
objects (1-2Myrs) with a positive or flat slope and is capable of differentiating between
very young objects (1-2Myrs) and sources with ages of a few Myr.
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While young brown dwarfs have lower gravities and are red and dusty, due to the
increased FeH absorption and decreased CIA of H2 that allows the flux in HK to radiate
away, not all dusty and red objects are young. Higher than usual metallicity can also lead
to very dusty atmospheres. This is caused by the presence of more metals, which leads
to more grain production and therefore optically thicker and dustier atmospheres (Looper
et al., 2008). The objects start looking like warmer blackbodies mostly radiating in the
NIR and mid-IR.
We also investigated whether variability might be an explanation for some sources
with χ2 > 15. We modelled this by adding an additional offset in each band (above the
random and intrinsic scatter), and adjusted the value until 50% of sources had χ2 > 15.
We found that if an otherwise normal source displayed variability at the level of 9% r.m.s.
in each band there would be a 50% chance that it had χ2 > 15, and therefore would
be noticed as unusual. While most observations were not taken at the same time, most
UKIDSS observations were taken within 2 years of each other, while the SDSS bands
were imaged a few years before. We therefore also modelled how large the variability in
only the SDSS bands would have to be to produce the same number of peculiar sources
and get 55%. As discussed below, it seems very few if any L and T dwarfs display
variability at such a high level.
We trawled the literature for usual L and T variability amplitudes and found the
following. Morley et al. (2014) modelled brown dwarfs with T< 1000K and analysed the
effect patchy clouds and hot spots can have on the spectra and colours of those objects.
The first shows the largest differences in spectral windows, while the latter has a larger
effect in absorption features, which cannot be detected in broadband photometry (Buenzli
et al., 2014).
L and T dwarfs usually rotate with a period of 2-12hours, implying that monitor-
ing sources at similar timescales should be sufficient to determine the amplitude of the
variations. Most variability studies are conducted in J. Wilson et al. (2014) monitored a
sample of L0-T8 dwarfs in JS for 2-4hrs each and concluded that variable sources vary on
the sub-percent level, reaching 1-2% in extreme cases. They also deduced that variability
is not confined to the transition region.
Buenzli et al. (2014) discuss four brown dwarfs with possible peak-to-peak amplitude
variability of > 1%. While this is large, it would still not be highlighted in our sample
due to most probably not causing a χ2 > 15. Two extremely variable brown dwarfs are
SIMP0136 (Artigau et al., 2009) with 5% peak-to-peak amplitude variation which varies
from night-to-night and 2M2139 (Radigan et al., 2012) with a peak-to-peak amplitude
variation of 26%, but the r.m.s. variability is estimated to be much lower (Paul Wilson,
priv. comm.). These results indicate that we are insensitive to detecting variability for the
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large majority of variable sources.
5.7.1 Peculiar Sources
Out of the followed up objects, eight sources appear peculiar. As their SEDs cannot
be fitted with any known template, this implies that they are potentially interesting and
therefore further investigated. Each of the objects is discussed in detail in the next few
sections.
5.7.1.1 ULAS J0013+0508
The ULAS J0013+0508 SED is illustrated in Figure 5.12. The source is classified as
L4.5p with a high χ2 = 50.01 that is attributed to the under-luminous YJ and over-
luminous K band. This confirms the object as photometrically peculiar as none of the
colour templates provide a satisfactory fit. The spectrum shown in Figure 5.13 classi-
fies it as a reddened L6. The peculiarity comes from the H band being broader than the
template and the excess flux in K compared to the template. The template also cannot
fit the absorption features well. All together this seems to indicate that the source is
dusty. Marocco et al. (2014) recently determined that these red objects can usually be fit
to normal spectral standards if they are de-reddened, which is something that could be
attempted.
We also try to constrain the properties of ULAS J0013+0508 by calculating the Hcont.
gravity index from Allers & Liu (2013), which is the only one that can be determined for a
source as late as L6. For ULAS J0013+0508 this gives 0.88±0.01, a value placed right on
the border of normal and intermediate-gravity L dwarfs. The Canty et al. (2013) H2(K)
index gives 1.02, also confirming that this does not appear to be a young source. The
object remains peculiar and deserves further analysis.
5.7.1.2 ULAS J0055+0134
ULAS J0055+0134 is photometrically classified as an L6p with high χ2 = 63.58, illus-
trated in Figure 5.14. The photometric peculiarity can be traced back to the object being
red in z −W2, but blue in i − z. Its spectrum is shown in Figure 5.15, where the features
between 1.9-2.0µm are atmospheric lines. It cannot be fit well with any spectral standard
from the SpeX Prism Library. It remains much too red and exhibits a triangular H band,
the hallmark of young L dwarfs. Jackie Faherty classifies it as L2γ, an L2 at the age of
10Myrs, and we overplot the template.
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Figure 5.12: ULAS J0013+0508 was photometrically classified as L4.5p with χ2 =
50.01. It is under-luminous in YJ and over-luminous in K.
Figure 5.13: The ULAS J0013+0508 spectrum is normalised to the mean flux value
between 1.29-1.32µm. The source is spectroscopically classified as a reddened L6, as it
has significantly more flux in K, than the L6 standard and also appears to have a broader
H band. From gravity indices it appears to be a normal gravity field dwarf that is very
dusty.
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Figure 5.14: ULAS J0055+0134 was photometrically classified as L6p with χ2 = 63.58.
The SED is red in z −W2, but blue in i − z, which causes the high χ2.
Figure 5.15: The ULAS J0055+0134 spectrum is normalised to the mean flux value
between 1.29-1.32µm. Spectroscopically the object is classified as a young L2γ and we
overplot the L2 and L2γ standards, but neither provide a good fit. The Allers & Liu
(2013) gravity indices confirm it to be low-gravity, while Canty et al. (2013) confirms
that it is over 1Myr old. The features between 1.9-2.0µm are atmospheric lines.
We calculate the gravity sensitive indices FeHz, VOz, KIJ and Hcont. which give
1.04±0.02, 1.25±0.02, 1.03±0.01 and 1.00±0.01 respectively. These are in agreement
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with gravity scores of 2122, giving a median gravity score of 2, confirming the source
to have low gravity in agreement with the above classification. The H2(K) index is 1.01,
indicating it is older than 1Myr in agreement with the above spectral type.
Here the photo-type classification is not accurate as we cannot fit young objects due
to not having a large enough sample of low-gravity dwarfs to produce reliable colour
vs. spectral type relations. It is satisfying to see that the source was classified as a high
χ2 object and therefore peculiar nevertheless. This means that while we cannot classify
young L dwarfs accurately, we still pick them out as peculiar sources using photo-type.
5.7.1.3 ULAS J0936+0629
The SED of ULAS J0936+0239 is illustrated in Figure 5.16. It is photometrically clas-
sified as an early-L dwarf (L0.5) with χ2 = 40.44 due to being unusually bright in i and
z. This does not seem to be caused by unreliable photometry, as the SDSS images were
inspected and appear normal.
The spectrum is shown in Figure 5.17 and looks like a normal L1 dwarf with no pe-
culiar features. While it is quite noisy, it is still good enough to use for classification. The
FeHz, VOz, KIJ and Hcont. indices give 1.14±0.11, 0.95±0.05, 1.02±0.04 and 0.88±0.03,
giving gravity scores of 1020, in agreement with a normal field dwarf. The Canty et al.
(2013) H2(K) index also confirms this with a value of 1.01, indicating the source is not of
young age.
As the χ2 is caused by the optical bands, this could be one of those sources where
the optical and NIR classifications disagree. These are interesting as they are potential
unresolved binaries or have unusual gravities.
5.7.1.4 ULAS J0944+3216
ULAS J0944+3216 is too faint in YJH and too bright in W1W2 which could indicate
that the source is variable, even though this is unlikely to be picked up by our broadband
photometry. It is photometrically classified as L7p and the SED is illustrated in Figure
5.18 (χ2 = 101.69).
The noisy spectrum is classified as L7 (slightly blue), due to the over-luminous Y
band, illustrated in Figure 5.19. Only the Hcont. index from Allers & Liu (2013) can
be calculated, as the other indices are not constrained for such late-L dwarfs. It gives
Hcont. =0.93±0.03, hinting at intermediate gravity. The Canty et al. (2013) H2(K) index
gives 1.06, in agreement with a source older than a few Myrs. This appears to be an inter-
esting potentially dust-poor object worth some further investigation. An optical spectrum
would be valuable and variability has to be considered as a possible explanation, even
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though it is unlikely.
Figure 5.16: ULAS J0936+0629 was photometrically classified as L0.5p with χ2 =
40.44 with the high χ2 being caused by the bright iz.
Figure 5.17: The ULAS J0936+0629 spectrum is normalised to the mean flux value
between 1.29-1.32µm and classified as L1. The spectrum is noisy but does not appear to
be peculiar in the NIR.
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Figure 5.18: ULAS J0944+3216 was photometrically classified as L7p with χ2 =
101.69. It appears to be too faint in YJH and too bright in W1W2.
Figure 5.19: The ULAS J0944+3216 spectrum is normalised to the mean flux value
between 1.25-1.32µm and spectroscopically classified as L7 (slightly blue), due to the
over-luminous Y band. The Hcont. gravity index seems to hint at intermediate gravity.
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Figure 5.20: ULAS J1019+0449 was photometrically classified as L2 with χ2 = 15.08
and a peculiar J − K colour.
Figure 5.21: The ULAS J1019+0449 spectrum is normalised to the mean flux value
between 1.25-1.32µm and classified as a blue L4 as it is under-luminous in K and has a
narrower H band than expected from the spectroscopic standard. It also appears to have
intermediate gravity according to the indices defined in Allers & Liu (2013).
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5.7.1.5 ULAS J1019+0449
ULAS J1019+0449 first appeared in the literature as a brown dwarf candidate in Cutri
et al. (2003), but is not further discussed until this thesis. It is a slightly peculiar source
which photometrically is classified as L2 with χ2 = 15.08. The SED is shown in Figure
5.20 and shows that it is blue in J − K.
The spectral fit (Figure 5.21) confirms the blueness but classifies it as a later L4
type. The following values are obtained for the indices described in Allers & Liu (2013):
FeHz=1.30±0.08, VOz=1.12±0.05, KIJ=1.13±0.02 and Hcont.=0.91±0.02, giving gravity
scores of 0111, indicating that it has intermediate gravity. The H2(K) index gives 1.05,
indicating that this is not a young source.
This discrepancy between photo-type and spectral type is caused by the peculiar J −
K colour and the source is noted down as a blue L4, indicating that its atmosphere is
probably dust-poor. It is under-luminous in K and has a narrower H band than expected,
making it worth further investigation.
5.7.1.6 ULAS J1129+1144
We classify ULAS J1129+1144 photometrically as a peculiar L1.5 dwarf with χ2 = 41.23
using izYJHK. The source is blended in WISE and therefore we do not fit W1W2. It
appears to be too bright in iz, as shown in Figure 5.22. Its spectrum is best fitted with
the L1 standard plotted in Figure 5.23, even though the blue wing of the J and H bands
appear slightly under-luminous.
The FeHz index gives 1.16±0.03, VOz gives 1.05±0.02, KIJ gives 1.06±0.02 and
Hcont.=0.90±0.01, resulting in 2210 and a median value of 1.5. This indicates that ULAS
J1129+1144 could have low gravity, but the H2(K) index of 1.05 excludes very young
age. The bright iz magnitudes could imply that this is a source that is classified differently
in the optical and NIR, which makes it interesting and worth further study.
5.7.1.7 ULAS J2308+0250
ULAS J2308+0250 is photometrically and spectroscopically peculiar. Photometrically
it is classified as L2.5p with χ2 = 25.56 illustrated in Figure 5.24. Spectroscopically
the source is best fit with an L2 (shown in Figure 5.25). As can be seen, this is not a
satisfactory fit due to the object’s K band being much brighter than the standard.
The FeHz, VOz, KIJ and Hcont indices are 1.02±0.05, 1.06±0.03, 1.11±0.02 and
0.88±0.02 which gives gravity scores of 2011, indicating that the source has interme-
diate gravity. The H2(K) ∼ 0.99 index is in agreement with an age of ∼1Myr. It also
has a broader H band than any spectral standard can fit. This is also the case for ULAS
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J0013+0508, which is possibly very dusty. The indication of young age and intermediate
gravity definitely makes ULAS J2308+0250 worth further study.
Figure 5.22: ULAS J1129+1144 was photometrically classified as L1.5 with χ2 = 41.23.
The χ2 is caused by the bright iz.
Figure 5.23: The ULAS J1129+1144 spectrum is normalised to the mean flux value
between 1.29-1.32µm and spectroscopically classified as L1, but appears under-luminous
in the blue-wing of the J and H band. Gravity sensitive indices indicate that it could be a
low-gravity L dwarf, but the Canty et al. (2013) excludes very young age.
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Figure 5.24: ULAS J2308+0250 was photometrically classified as L2.5 with χ2 = 25.56.
Figure 5.25: The ULAS J2308+0250 spectrum is normalised to the mean flux value
between 1.30-1.32µm and spectroscopically classified as L2. It is peculiar due to the
over-luminous K and broad H band, which are also a features seen in ULAS J0013+0508.
It appears to have intermediate gravity, very young age and is probably dusty.
5.7.1.8 ULAS J2334+1313
ULAS J2334+1313 was photometrically classified as L7p with χ2 = 46.05. The SED
is plotted in Figure 5.26 and shows that the χ2 is caused by SDSS and WISE being too
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bright compared to UKIDSS. We overplot the izYJHKW1W2 L8 template in red (χ2 =
57.75) as the source is spectroscopically classified as a normal L8 (Figure 5.27). From
the SED plot it can be seen that the over-luminous iz, with its small errors, causes the L7
photometric classification, as the YJHK errors are relatively large. Due to spectroscopy
not considering the optical wavelengths, this peculiarity is not picked up in the spectrum.
Because photo-type also considers mid-IR wavelengths, it may be picking up an unusually
shaped mid-IR SED. Those are not well understood due to the very small number of mid-
IR spectra. As this is a late-L dwarf, the Allers & Liu (2013) indices cannot be used to
constrain gravity. We do calculate the H2(K) index, which gives 1.07, in agreement with
field dwarf ages. Again this might be an object that is classified differently in the optical
and NIR, making it interesting for further investigation. An optical spectrum could help
shed more light on its properties and variability, even though unlikely, has to be considered
as a possible explanation for the sources properties.
5.7.2 Potential Unresolved Binaries
All objects in our sample are run through binary fitting templates that we produced. If the
binary fit improves the χ2 by more than 7 compared to the single object fit, the sources
are considered potential binary candidates. These are summarised below, where we plot
the object as black crosses with its error bars and overplot the best fitting single object
template in black and binary template in red. The legend summarises which template was
fit and we note the χ2 in brackets. As discussed in Chapter 2 we are not very sensitive to
unresolved binaries as they can often pass as single objects with low χ2. We followed up
the most extreme candidates as a test of the method.
We also check the spectra for the peculiar features of known L/T binary systems
(Burgasser et al., 2010) such as a blue shifted 2.1µm flux peak, a bluer NIR SED, a more
pronounced 1.27µm flux peak, deeper H2O and CH4 absorption lines at 1.1µm and a
stronger 1.6µm CH4 band compared to 2.2µm.
5.7.2.1 ULAS J0135+0205
ULAS J0135+0205 is photometrically classified as a peculiar T0 dwarf with χ2 = 39.91.
The SED plotted in Figure 5.28 shows that most of this comes from the W2 band which
is too faint. After inspecting the WISE images visually we determined that this is not due
to unreliable photometry. The source was queued for follow up observations as a binary
fit improved the χ2 to 17.18 and the whole SED ranging from optical to mid-IR bands is
much better fitted with L6+T3 than any single object. The only real difference between
the T0 single object and the L6+T3 binary fit is that the latter fits W2 better.
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Figure 5.26: ULAS J2334+1313 was photometrically classified as L7p with χ2 = 46.05
that is too bright in SDSS and WISE. We also overplotted the L8 template in red, which
gives a χ2 of 57.75.
Figure 5.27: The ULAS J2334+1313 spectrum is normalised to the mean flux value
between 1.30-1.31µm and spectroscopically classified as a typical L8.
The spectrum is plotted in Figure 5.29 and lies between an L9 (blue) and a T0 (red),
but the lack of methane absorption in H indicates that it is most likely an L9.5. As
the binary fit improves our photometric classification by a significant amount, we also
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overplot the L6+T3 binary spectrum.
Figure 5.28: ULAS J0135+0205 was photometrically classified as T0 with χ2 = 39.91.
It is also a potential L6+T3 binary with χ2 = 17.18.
Figure 5.29: This plot shows the SpeX NIR spectrum of ULAS J0135+0205 normalised
to the mean flux value between 1.25-1.32µm. The L9 standard is overplotted in blue, T0
is red and L6+T3 in yellow, where we classify the source as L9.5. The lack of methane
absorption in H indicates that no T dwarf is present, therefore the binary classification
cannot be correct.
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While the SED fit does indicate that this is an L/T binary, the spectrum suggests
otherwise. The main feature disproving the L/T binary hypothesis is the lack of methane
absorption at 1.6µm, which is typical for T dwarfs. The H band clearly indicates that no T
dwarf is present in this spectrum. This is supported by ULAS J0135+0205 not exhibiting
any of the features described in Burgasser et al. (2010) that would indicate that it is an
unresolved L/T binary. Allers & Liu (2013) gravity indices cannot be calculated as the
object is a very late L dwarf, but the Canty et al. (2013) H2(K) gives 1.1 indicating field
dwarf age.
5.7.2.2 ULAS J1048+1358
ULAS J1048+1358 was first catalogued by Cutri et al. (2003) as a brown dwarf candidate
but never further analysed. photo-type classifies the source as an L3.5 with a χ2 = 29.09.
The bad fit is mainly caused by the over-luminous J band and illustrated in Figure 5.30.
It was also a L4+T4 binary candidate as the binary fit reduced the χ2 to 16.57.
The spectrum is illustrated in Figure 5.31 and shows that it is too blue in H − K and
that the H band is narrower than the standard fit. It can also be clearly seen, that the
absorption of ULAS J1048+1358 is much deeper than in the spectrum of the L4 standard.
This usually indicates that the source is of a later spectral type than the spectral standard,
but as no other standard provides a better fit, this object remains peculiar. The Allers &
Liu (2013) gravity indices give FeHz=1.17±0.07, VOz=1.02±0.03, KIJ=1.07±0.02 and
Hcont.=0.82±0.02, in agreement with a gravity score of 1010, indicating normal gravity.
The Canty et al. (2013) H2(K) index of 1.12 excludes a very young age.
The source is spectroscopically classified as a blue L4 and the lack of methane ab-
sorption at 1.6µm indicates that this is not a spectrum including a T dwarf, therefore ex-
cluding the L+T binary solution. To confirm this, none of the L/T binary spectral features
from Burgasser et al. (2010) seem to be present.
5.7.2.3 ULAS J1331-0117
ULAS J1331-0117 is peculiar in many ways. It is defined as an L6 in the optical by
Hawley et al. (2002). Knapp et al. (2004) used spectral indices to classify the brown
dwarf as L8±2.5. The large error is due to different spectral classifications depending on
which bands were used. The H2O J feature and CH4 H band feature agree with a spectral
type earlier than T0. The H2O H feature predicts T0-T0.5, while the CH4 K band implies
L5.5-L6. Marocco et al. (2013) reinvestigated the source and deduced that is is a metal
poor L1p which is probably a member of the thick disk.
150
5.7 Sources with χ2 > 15 Chapter 5: Spectroscopy
Figure 5.30: ULAS J1048+1358 was photometrically classified as L3.5 with χ2 = 29.09
(red). It is also a potential L4+T4 binary with χ2 = 16.57 plotted in yellow.
Figure 5.31: The ULAS J1048+1358 spectrum is normalised to the mean flux value
between 1.25-1.32µm and spectroscopically classified as a blue L4 with normal gravity.
This is caused by the under-luminous K band. While photo-type predicted that this could
be an L4-T4 binary, the spectral binary fit (yellow) clearly shows the lack of methane
absorption in H, which means that no T dwarf contributes to the spectrum.
We classify ULAS J1331-0117 as L3.5p (χ2 = 70.61) or a potential binary candidate
with L4+T4 components (χ2 = 30.24) illustrated in Figure 5.32. We plot the L4 standard
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and also overplot the L4 + T4 spectral template. It can be seen in Figure 5.33 that ULAS
J1331-0117 is under-luminous in K and has a narrower H band than predicted by the
standard. The L4 standard also does not fit the absorption features that are deeper than
predicted. As previously mentioned, this usually indicates that the object is of a later
spectral type than the standard, making it an unusually blue source. We do not have
spectral standards for metal-poor L dwarfs available, therefore we cannot check if that
would provide a more convincing fit, as stated by Marocco et al. (2013).
Using the gravity indices from Allers & Liu (2013) gives FeHz=1.18±0.04, VOz=1.01
±0.02, KIJ=1.12±0.01 and Hcont.=0.81±0.01 resulting in a gravity score for an L4 of
1010, indicating normal field dwarf gravity. This is confirmed by H2(K) = 1.12, which
excludes young age. The lack of methane absorption at 1.6µm is a strong indication that
no T dwarf has contributed to this spectrum, therefore the binary fit can be dismissed.
This is confirmed by the lack of any of the peculiar L/T binary spectral features outlined
in Burgasser et al. (2010).
5.7.2.4 ULAS J2332+1234
ULAS J2332+1234 is photometrically classified as a peculiar T1.5 dwarf with χ2 = 35.84.
It is also a potential L8+T4 binary candidate with χ2 = 25.15. The W1 − W2 colour is
too blue which would imply that the source is of an earlier type. The SED is illustrated in
Figure 5.34 and the spectrum is plotted in Figure 5.35, where we overplot the T0 standard.
This shows clearly that the source is too blue in J−K and the short wavelengths can-
not be fitted well. The blueness of ULAS J2332+1234 could indicate substellar metallic-
ity, but we cannot confirm this, as we do not have low-metallicity spectral standards. The
very small displacement of 0.08′′/yr between YJHK observations gives vtan = 29.36km/s,
in agreement with thin disk objects. The Allers & Liu (2013) gravity indices cannot be
calculated due to the source being a T dwarf, but the H2(K) index from Canty et al. (2013)
gives 1.15 in agreement with field dwarf ages.
While our SED indicates that this could be a L8+T4 binary, the methane absorption
in 1.6µm is fitted well by the T0 spectrum, but not the L8+T4 combined spectrum. While
there is no blueward shift of the 2.1µm flux peak, the strong 1.27µm flux peak and deep
CH4 and H2O absorption at 1.1µm are present. Those are two of the peculiar binary
features described in Burgasser et al. (2010), indicating that this could be a similar-mass
binary system (with both components being late-L or very early-T dwarfs).
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Figure 5.32: ULAS J1331-0117 was photometrically classified as L3.5 with χ2 = 70.61.
It is also a potential L4+T4 binary with χ2 = 30.24 plotted in yellow.
Figure 5.33: The ULAS J1331-0117 spectrum is normalised to the mean flux value
between 1.25-1.32µm and the L4 standard and L4+T4 binary are overplotted. It can be
clearly seen that the H band is narrower than the standard and that the K band is under-
luminous. The binary fit can be disregarded as there is no methane absorption in H,
therefore excluding the possibility of a T dwarf contributing to the spectrum.
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Figure 5.34: ULAS J2332+1234 was photometrically classified as T1.5p with χ2 =
35.84. It is also a potential L8+T4 binary with χ2 = 25.15 plotted in yellow.
Figure 5.35: The ULAS J2332+1234 spectrum is normalised to the mean flux value
between 1.60-1.70µm and cannot be fit well with any spectral standard as it is over-
luminous in J. The methane absorption in H is fitted well by the T0 standard but not by
the L8+T4 binary. This spectrum demonstrates L/T binary features and could therefore
be a nearly same-mass system of a late-L dwarf and a very early-T dwarf.
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5.8 Conclusions
In this Chapter we discuss the SpeX data reduction procedure, summarise how spectra
are classified and discuss each spectrum separately. Where possible, we calculate the
gravity and age indices from Allers & Liu (2013) and Canty et al. (2013) for all sources
with χ2 > 15 and illustrate the spectral and SED fits. While our L/T binary candidates
do not appear to be genuine, all the sources with χ2 > 15 are indeed peculiar L and T
dwarfs, confirming that photo-type is sensitive to those. The fact that all objects that were
followed up were cool dwarfs proves that photo-type is an efficient way to classify L and
T dwarfs accurately without having to worry about contaminating interlopers.
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Chapter 6
A Search for rare objects in UKIDSS
6.1 Overview
At the beginning of my PhD I conducted a general photometric search for rare objects in
the UKIDSS LAS DR9 footprint with YJHK coverage (3176.7 deg2) which is described
in this Chapter. Here we did not implement any colour cuts, but searched for outliers
i.e. objects which cannot be fitted with the available templates and therefore have high
minimum χ2 values. This was part of a larger project that had the aim of classifying every
source in UKIDSS as a star, galaxy, quasar or brown dwarf and resulted in the discovery
of many L and T dwarfs, which is described in the other sections of this thesis. Here we
also discuss the shortcomings of the UKIDSS survey data and give a short overview of
the properties of some potentially interesting objects we found.
6.2 Introduction
With UKIDSS being the largest and deepest survey in the NIR to date it is possible that it
will find a new rare or interesting object. Due to its wavelength coverage any new type of
object that might be found is very likely red and unique to UKIDSS, otherwise it would
have been discovered by SDSS. When this research was conducted WISE data were not
yet published and therefore there was no comparable large deep survey in the mid-IR.
One of the aims was to detect a completely unknown type of object. We were also hoping
to detect the previously described Y dwarfs and more halo sub dwarfs, but were also
interested in very high redshift quasars and very cold white dwarfs which are described
in more detail below. All these can shed new light on certain areas of astrophysics if
particularly extreme sources are detected.
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Mortlock et al. (2011) searched DR8 for quasars at 6.4 <z< 7.2 as those can help
constrain and understand the epoch of reionisation. Detailed models of high-z quasars
were available and therefore Bayesian model comparison techniques were the most effi-
cient line of conduct. The search resulted in one z=7.1 and several z> 6 quasars and is
now completed. No high redshift quasars are expected to be left in the sample.
White dwarfs represent the last stage in the life of a star with M = 0.07−8M. When
stars with M > 2.5M burn all their core hydrogen they enter a brief phase of hydrogen
to helium burning in the shell. This leads to a drop in temperature and the expansion of
the star. The density and temperature in the centre become high enough to trigger helium
into carbon fusion, while hydrogen still burns in the shell. This is followed by a phase
of shell helium burning and the star becoming a red giant. During this process the star
loses part of its mass to the interstellar medium. The remaining central object/white dwarf
contracts under gravity until it becomes very dense and electron degenerate and cannot be
compressed any further. (Schneider, 2006).
For less massive stars (M < 2.5M) the helium in the core burns explosively leading
to a helium flash which results in the ejection of a significant fraction of the stellar mass.
The next phase is stable and there is a hydrogen and a helium burning shell present. The
star’s radius increases and it becomes a red giant. The helium burning will occur in pulses
due to it being unstable and the envelope is eventually ejected and visible as a planetary
nebula (Schneider, 2006).
The cores of white dwarfs are composed of C and O, while the atmosphere is H and
He. The atmosphere insulates the dwarf and therefore determines its cooling rate. Neutral
helium is very transparent and cooling occurs quickly while hydrogen atmospheres are
very opaque slowing down the process. Therefore a white dwarf with a hydrogen atmo-
sphere will be older than a white dwarf with a helium atmosphere at the same temperature
(Hansen, 1999). The cooling slows down when lower temperatures are reached. This
implies that very old white dwarfs are still detectable. Very cool white dwarfs must be
very old, while white dwarfs with high effective temperatures only formed recently. This
can either mean that the progenitor was massive and formed a white dwarf at a relatively
young age, or that the white dwarf formed from a low-mass star with a long main se-
quence lifetime. The age distribution of white dwarfs can be used to constrain the age of
the Galactic disk, the Galactic halo and the beginning of star formation (Leggett et al.,
2011). The SEDs of the coolest (and therefore oldest) white dwarfs peak in the near-IR.
As we are searching for outliers photo-type is the ideal method to use. It classifies all
typical objects and highlights the interesting and unknown sources by assigning high min-
imum χ2 values to them. While we use photo-type here, this is a preliminary version with
lower accuracy, less carefully analysed templates and fewer bands used for classification.
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We found that matching to SDSS and analysing izYJHK produced too many candidates
to be manageable, due in particular to variability. We discuss the templates used in §6.3,
the initial candidate selection is outlined in §6.4, an overview of what can cause high χ2
values without the source being physically interesting is provided in §6.5, we summarise
the results in §6.6 and discuss followed up objects in §6.7.
6.3 Template Fitting Analysis
In this Chapter we use the same templates as in the rest of the thesis with the exception
of ultracool dwarfs later than M5. While we developed our own templates for those in
Chapter 2, here we still used the templates from Hewett et al. (2006). We give more
details on the star, quasar and white dwarf templates below. Their tracks are illustrated in
two colour-colour diagrams (Y − J vs. J − H and J − H vs. H − K), provided in Figures
6.1 and 6.2.
6.3.1 Star templates for spectral types O - K
The black dots in Figures 6.1 and 6.2 represent stars ranging across the whole spectral
sequence from the hottest to the coolest (OBAFGKM). These are obtained from the BPGS
spectrophotometric atlas1, a catalogue of 175 stars with a wide range of spectral types and
luminosities. A few additional M dwarfs from Geballe et al. (2002), Hawley et al. (1996),
Reid et al. (1995), Kirkpatrick et al. (1995), Henry et al. (1994), McLean et al. (2003),
Leggett et al. (2000), Leggett et al. (2001) and Leggett et al. (2002) are added as the atlas
only contained six. Each of these has a different temperature and is located at different
points in the colour-colour diagram. All of them are aligned in the Main Sequence which
starts with the very hot and blue O stars and ends at the red and cool M stars.
We also included hydrogen white dwarfs from Bergeron et al. (2005)2 with T >
5000K in these templates, as those are relatively hot, therefore young and not interesting
to us. Cooler white dwarf templates are excluded as these indicate old ages and are
considered interesting i.e. by excluding the templates such objects will be identified by
high χ2. Cool and hydrogen-rich white dwarfs are characterised by neutral optical colours
and blue NIR colours. This shift to the blue is once again caused by pressure-induced H2
absorption in their high-pressure atmospheres (Leggett et al., 2011). Helium atmosphere
white dwarfs on the other hand are hard to distinguish from main-sequence stars as they
do not become blue in J − H at T > 5000K and are excluded from the templates.
1http://www.stsci.edu/hst/observatory/cdbs/bpgs.html
2http://www.astro.umontreal.ca/∼bergeron/CoolingModels/
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Figure 6.1: Templates of different classes of sources in Y − J vs. J − H: stars (black
dots), L and T dwarfs (red dots), normal (lilac lines), weak line (green line), strong line
(yellow line) and reddened (E(B-V)=0.5, light blue line) quasars.The diamond symbols
are overplotted every ∆z = 0.1. The bottom left corner is the bluest, with late-T dwarfs
located in the bottom right. The top right corner shows the reddest objects, ie. highly
reddened quasars with high redshifts lie there. The two black dots on the right of the
plot show the colours of carbon stars included in the BPGS spectrophotometric atlas and
therefore our templates.
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Figure 6.2: This plot illustrates the paths of the same templates as Figure 6.1, and uses
the same colour code, but for J − H vs. H − K.
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Figure 6.3: Templates illustrating the different areas of the colour-colour diagram in-
habited by differently reddened quasars in Y − J vs. J − H: E(B-V)=0.05 (black line),
E(B-V)=0.3 (yellow line), E(B-V)=0.4 (red line), E(B-V)=0.5 (blue line). The diamond
symbols are overplotted every ∆z = 0.1. As expected, there is a clear shift towards the
top right of the diagram, ie. to redder colours with increasing E(B-V).
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Figure 6.4: This plot illustrates the paths of the same templates as Figure 6.3, and uses
the same colour code, but for J − H vs. H − K.
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6.3.2 Low-redshift quasar templates
We use quasar templates from Hewett et al. (2006) and Maddox et al. (2012) but only
include the models for sources with z≤ 5 as those are not interesting to us. In this way
potential high redshift quasars will be singled out due to not fitting any templates and
having high χ2. We illustrate weak (z≤ 5, green), strong (z≤ 5, yellow), and typical (z≤ 5,
lilac) emission line quasars in Figures 6.1 and 6.2. We also show the model template for a
reddened quasar with E(B-V) = 0.5 (z≤ 5, light blue). The most important emission line
which influences the colours is Hα.
Maddox et al. (2012) produced models for reddened quasars where they use the typi-
cal quasar template and redden them by increasing the amount of Small Magellanic Cloud
type dust in the templates, resulting in models for E(B-V) = 0.05, 0.3, 0.4 and 0.5. These
are illustrated in Figures 6.3 and 6.4. Only reddened and strong line quasars reach colours
with Y − J > 0.8, ie. the regime studied in the other Chapters.
6.3.3 Brown dwarf templates
Since this project was conducted Skrzypek et al. (2014) significantly improved the L and
T dwarf templates when they produced the L and T dwarf photometric sample. In the
future those templates should be used for classification instead of the selection of L and
T dwarfs from Hewett et al. (2006) (plotted in red in Figures 6.1 and 6.2). Their brown
dwarf sequence is discussed in detail in Chapter 2.
6.4 Initial Candidate Selection
This section summarises the initial sample selection that was conducted. We use SQL
to query the UKIDSS LAS DR9 tables LASSource, LASDetection, and LASMergeLog
(http://surveys.roe.ac.uk/wsa/) for objects satisfying the below criteria in YJHK.
Sources are required to be point sources (−3 < mergedclassstat < 3) to avoid contami-
nation by galaxies. We exclude asteroids which would otherwise contaminate our sample
significantly by excluding sources with significant motion. We also leave out objects
classified as noise (class = 0) in any band as we are only interested in real photometric
objects. Due to us wanting to classify every point source in the UKIDSS footprint, we
excluded sources classified as galaxies (class > 0) from our selection. We require the
archive error flag (pperrbits) that indicates if there is a problem with the photometry of
an image to be < 256. This removes sources with the following issues from our sample:
(1) saturation in one of the bands, (2) a bad pixel within the aperture, (3) crosstalk or (4)
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the source being located on the edge of a stacked frame. Further issues are discussed in
the next section.
While we do not implement a colour cut in this search, we do require our objects to
have 16.0 < J < 18.0 as this is below the 2MASS detection limit. This means that the
sources will not have appeared in previous searches. At the same time these magnitudes
are relatively bright for UKIDSS and the photometric errors in J are small.
6.5 Causes for high χ2
In this section we describe the three main causes of high minimum χ2 values that are
unrelated to interesting photometry. These are (1) edge objects (‘Bit 15’), (2) objects
with bad pixels at their centres and (3) objects that are split in some photometric bands.
These problematic sources need to be removed before further analysis can be done.
6.5.1 Edge objects and ‘Bit 15’
A first analysis of the data showed areas of the arrays with unusually large numbers of
candidates. The objects of interest are located close to the edge, but also in an arch at
Xcoor > 3960 and Ycoor < 850 (for the J band where the pixel scale is 0.2′′ due to micro
stepping). This was an issue the UKIDSS team was not aware of that we found in our
preliminary analysis. Eventually this fault was attributed to poor flat fielding in detectors
1 and 2. It was dealt with by introducing a new error flag in DR9 called ‘Bit 15’
(pperrbit = 32768) which covers a 5′′ buffer around all of detector 1 and 2 and any
objects within 300 (0.4′′) pixels of coordinate X = 2270 and Y = 220 (modified suitably
for microstepping in J). The buffer is in addition to the ‘Bit 22’ flag, which identifies
objects within a dither step of the edge. This is illustrated in Figure 6.5.
6.5.2 Bad pixels aka ‘white dots’
Another issue we encountered became apparent when we visually inspected objects with
high minimum χ2 values. This manifested itself as white dots in the centre of interesting
objects. The counts of these white dots are very different to their neighbouring pixels.
They are clearly visible in a black and white image and are caused by a faulty contributing
frame, for example due to a lost guide star that leads to a trailed frame. After inspecting
several contaminated frames the error can be attributed to J.
Every UKIDSS frame is calibrated by finding several bright stars with 2MASS pho-
tometry that are used for calibration. For each of these stars the photometric zero point
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Figure 6.5: This plot illustrates the X and Y coordinates of a 10 × 10 deg area of sky
and all objects with ‘Bit 15’. It can be clearly seen that the error flag excludes objects
around the edges and the arc in the bottom right corner.
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is calculated using the known magnitude and measured counts. If one of the contribut-
ing frames is trailed, this will show through lower counts, which results in a different
calculated zero point.
In the Y band, where each pixel is only observed twice, this leads to the removal
of the affected frame, as the pipeline identifies the frame as bad. In H and K, where
each band is observed four times, the bad pixels can easily be identified as described and
are clipped. In the J band this is complicated some more due to the implementation of
micro-stepping. The pixel size in J is 0.2′′ (0.4′′ in all other bands). This means that four
J sub-pixels contribute to a 0.4 × 0.4′′ pixel. Each of those is observed twice, leading
to eight frames contributing to the observation. If one of those frames is trailed, it only
affects 1 of the sub-pixels. The result is that the frame zero point may pass quality control
and therefore is not removed. This affects about 1 in 1000 objects (Steve Warren, priv.
comm.) and can only be identified through visual inspection.
6.5.3 Split Objects
The last issue is attributed to sources that are split in some bands but not in others. This
can be the case for one of two reasons. If two objects are located very close to each other
in the line of sight, they can be resolved in one band, but not in the others. In that case
the correct photometry for the source can only be obtained from the resolved band, while
the source appears too bright in all other bands as two sources contribute to its flux. This
issue is usually apparent and can be removed when these objects are visually inspected as
they can be resolved by eye.
There are also sources that are split into two in one of the photometric bands for
no apparent reason. In those cases two primary objects are detected at a separation of
< 0.2′′ in UKIDSS, which should not be the case. This cannot be seen by eye, but is
easily determined when CrossID is used, as the tool lists all primary objects in a certain
radius from the input coordinates. If an object was split in one band the tool will output
a source with values for all photometric bands and a very nearby source that only has a
measurement of magnitude in one of the bands, but is undetected in all others. The objects
can still be used as potentially interesting targets, as the two magnitudes in the split band
can be added, but we found no automated way of removing them. After the addition of
magnitudes the χ2 values are recalculated and usually are low. This confirms that the
objects are not photometrically interesting and can be removed from our candidate list.
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6.6 Results
Implementing all the selection criteria from §6.4 results in an initial sample of 4 743 694
sources that are classified into stars, quasars and brown dwarfs using photo-type. Well
understood types of objects are described by the templates and give low minimum χ2
values, and these can be discarded. We are interested in objects with good photometry
that do not fit any templates, i.e. have a minimum χ2 > 25. This value was chosen
as a cutoff because it gives a manageable number of candidates. Other cutoff values
were investigated, but discarded soon after as they either left too many objects for visual
inspection (χ2 > 10) or too few interesting candidates (χ2 > 50). The latter only picked
out the obviously bad objects that somehow passed quality control, while χ2 > 25 includes
objects that look photometrically interesting. 165 objects are left for visual inspection of
which 134 are removed as they either exhibit one of the problems described in §6.5 or
have SDSS spectra deeming them uninteresting. The remaining 31 objects are discussed
below as their high χ2 was not caused by an error in the data acquisition process.
Detailed consideration of the candidate list indicates that in many cases the high χ2
could be caused by variability of the source. These objects are given lower weighting.
We attempted to reduce this problem significantly by not considering SDSS photometry
to begin with as these observations are taken several years before UKIDSS in most cases.
Even with this constraint we still have trouble with variable objects as unlike SDSS the
UKIDSS photometry was not taken at the same time for all bands. Some of the photomet-
ric measurements can be several months or even years apart, enough for objects to vary
significantly. We deal with this problem by plotting up their SEDs and analysing them.
The objects are deemed unlikely to be interesting if the YJ and HK data was taken sev-
eral years apart and the shape of the SEDs appear reasonable except for a shift between
YJ and HK. A more profound way of confirming variability is to compare UKIDSS to
2MASS. This is only possible for relatively bright sources as 2MASS is much shallower
and our candidates are often below its detection limit. If 2MASS and UKIDSS magni-
tudes agree, the object is less likely to be variable and therefore more interesting. We
follow up the most interesting sources where we cannot explain their high minimum χ2
values photometrically. During the follow-up all bands are imaged at the same time like
in SDSS.
The 31 objects of interest are illustrated in Figures 6.6 and 6.7 as red crosses. Most
are located away from the central conglomeration of objects but at no preferred position.
This shows that the used templates fit most objects very well leaving rare and potentially
interesting sources to be further analysed. There is no common population that we do not
fit.
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Figure 6.6: Y − J vs. J − H plots of objects with J magnitudes between 16-17 (left
panel) and 17-18 (right panel). Stars are plotted in yellow, quasars in dark blue and
ultracool dwarfs in green. The remainder of the parent sample is plotted in black and the
interesting objects (χ2 > 25) are represented by red crosses. The left panel excludes an
extreme outlier object with Y − J = 2.31 and J −H = 1.55, while the right panel excludes
an extreme outlier object with Y − J = 2.86 and J − H = 1.24.
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Figure 6.7: J−H vs. H−K plots of objects with J magnitudes between 16-17 (left panel)
and 17-18 (right panel). Stars are plotted in yellow, quasars in dark blue and dwarfs in
green. The remainder of the parent sample is plotted in black and the interesting objects
(χ2 > 25) are represented by red crosses. Again, the object with J−H = 1.55 and H−K=
2.5 is excluded from the plot.
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We separated the sample into two J magnitude bins ranging from 16-17 mag (2 023
664 sources) and 17-18 mag (2 720 030 sources). All sources are plotted as black dots and
the different object classes were colour coded: stars (yellow), dwarfs (green) and quasars
(dark blue).
Galaxies are not included, as they were removed in the SQL query when we selected
point sources. From analysing the plots and known empirical and theoretical models we
deduce that stars occupy a significant region of the colour-colour diagrams with most of
them located between -0.1 and 1.0 in Y − J, -0.2 and 1.2 in J − H and -0.3 and 1.3 in
H − K. From the plots it is apparent that fainter objects with larger errors scatter much
further away from the locus than bright sources and that stars are located at bluer J − H
vs. H − K colours than most quasars and ultracool dwarfs.
Quasars are mostly located at Y − J ∼ −0.2 to 1.2, J − H ∼ −0.5 to 1.3 and H − K ∼
−0.3 to −1.2 with a large population around Y − J ∼ 1, J − H ∼ 0.25 and H − K ∼0.8.
The locus of the quasars is confirmed by plotting objects in the Schneider et al. (2007)
catalogue.
L and T dwarfs were described in great detail in the earlier Chapters and only occupy
a small region of the diagram. The warmer L dwarfs are located in a clump at Y − J =
0.8 − 1.5 and J − H = 0.5 − 1. The cooler T dwarfs are located at J − H < 0.5 and bluer
J − H colours than their hotter counterparts. As previously mentioned this is caused by
atmospheric absorption processes. It can be seen that the Y − J vs. J − H diagram is best
to differentiate between ultracool dwarfs and quasars as they occupy two separate regions
of colour space. Even though stars are located at bluer JHK colours than quasars there is
quite a large overlap between these two populations and therefore no definite separation
can be made.
We obtained the optical ugriz magnitudes from SDSS DR 8 for the 31 interesting
sources and converted them into the Vega magnitude system. We use those 9 optical and
NIR bands ugrizYJHK to reclassify the sources. Due to the SDSS bands included here
we do not have quasar templates with z> 3.4 to fit as no templates including SDSS bands
are available for higher redshift sources. The brown dwarf templates also only cover the
izYJHK bands due to their extreme faintness in the optical. We classify the objects using
all the data available and plot their SEDs to further analyse them. Only a handful were
followed up due to restricted telescope time availability.
Because of the problem of variability (eg. YJ was taken a year before HK and there
is an offset between them), we rank objects lower if their NIR observations were taken
more than two weeks apart. If all the observations were made on the same day and one
of the photometric bands is far too faint/bright, this is more likely to be an interesting
object. One of the sources is analysed differently, as it is a SDSS dropout and does not
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Figure 6.8: g − r vs. u − g colour-colour diagram from Yanny et al. (2000) illustrating
the SDSS colours of A, F and G stars and quasars.
have SDSS data (more details in Section 6.6.1).
The ranking is further based on a crosscheck with other surveys and databases (e.g.
FIRST, NED, SIMBAD) and the probabilistic SDSS DR8 quasar catalogue by Bovy et al.
(2011). This catalogue gives the probability of an object being a star, a low-, mid- or
high-redshift (z > 2.5) quasar. Not all selected objects can be found in it, as they are
not quasars. The catalogue is not used to discard any objects, but contributes to their
classification. Another way to determine the nature of selected objects is to look up their
colours in Figure 6.8. The plot illustrates g − r vs. u − g where g = 14 − 21 and gives an
important indication of the possible nature of certain objects. Quasars for example have
colours around u − g ∼ 0.2 and g − r ∼ 0.1, while the hot A stars are relatively blue
(u − g ∼ 1.2 and g − r ∼ −0.2).
After considering all criteria listed above we finally produced 3 different lists: objects
to definitely follow up (Table 6.1), objects that should get followed up if possible (Table
6.2) and objects that were deemed less interesting after further analysis (Table 6.3). Table
6.1 lists the ra, dec, YJHK and bands that were followed up, while Tables 6.2 and 6.3 list
the ra, dec, YJHK and comments on why those objects were regarded as less interesting.
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R.A.(2000) decl.(2000) Y±YErr J±JErr H±HErr K±KErr χ2 Comments
07:30:26.23 +25:10:10.2 19.02±0.06 17.93±0.03 16.58±0.02 16.34±0.03 34.86 Target 1 (YJH)
08:34:59.50 –00:00:15.5 16.88±0.01 16.27±0.01 15.67±0.01 16.06±0.03 41.48 Target 2 (JH)
22:59:17.85 +07:36:33.5 18.42±0.03 17.36±0.02 16.79±0.02 15.43±0.01 23.94 Target 3 (HK)
16:39:57.97 +31:57:26.7 18.40±0.03 17.26±0.02 16.72± 0.04 15.32±0.02 25.30 not observable
10:24:28.02 +04:47:11.7 17.33±0.01 17.19±0.02 17.27±0.04 18.03±0.15 25.70 Target 4 (HK)
10:26:33.56 +12:09:10.2 17.93±0.02 17.06±0.02 17.00±0.06 16.66±0.05 24.03 Target 5 (YJ)
11:45:03.19 +15:03:53.5 17.93±0.02 17.65±0.03 16.64±0.03 17.19±0.06 43.74 Target 6 (JH)
Table 6.1: This table gives an overview (coordinates, YJHK and minimum χ2) of the
interesting objects queued for follow up observations with UKIRT. The last column notes
the bands the sources were photometrically followed up in.
R.A.(2000) decl.(2000) Y±YErr J±JErr H±HErr K±KErr Comments
02:04:58.66 +03:27:03.2 17.36±0.02 16.33±0.01 16.17±0.02 15.13±0.01 low-z QSO
02:36:47.48 +01:41:28.6 17.87±0.03 17.35±0.03 16.28±0.02 16.38±0.04 low-z QSO
08:25:48.77 +07:55:54.2 16.65±0.01 16.41±0.01 15.90±0.01 16.29±0.03 variable?
09:32:09.65 –01:07:37.2 17.10±0.02 16.77±0.02 15.58±0.01 15.45±0.02 variable?
14:51:12.49 +02:07:44.3 16.99±0.01 16.65±0.02 15.46±0.01 15.11±0.02 reddened QSO
21:22:57.90 –00:36:40.0 17.44±0.02 16.53±0.02 16.00±0.02 16.34±0.05 variable?
22:31:28.84 +03:42:22.7 16.64±0.01 16.61±0.01 15.34±0.01 15.03±0.01 variable?
Table 6.2: This table gives an overview (coordinates, YJHK magnitudes, χ2 for the best
fit) of the potentially interesting objects in UKIDSS. The QSO classifications are from
Bovy et al. (2011)
6.6.1 SDSS Dropout
One source that we could not fit with any templates was ULAS J131223.81+005147.2
which had a minimum reduced χ2 = 507.94 and was classified as a highly reddened quasar
with E(B-V) = 0.5 and z= 3.4. We investigated the source further due to its extremely red
colour. Its YJHK magnitudes are 18.73±0.04, 16.42±0.01, 14.87±0.01 and 12.37±0.01,
respectively. The object is bright enough at long wavelengths to have been detected in the
9µm Akari band (0.1993±0.026 Jy) and the 12µm IRAS band (0.2722Jy), but is an SDSS
dropout. Eventually we deduced that this is a Carbon Star, which deems it uninteresting.
It is an important discovery for us though, as it confirms that photo-type can segregate out
atypical objects.
6.7 Followed Up Objects
In this section we discuss the six most interesting sources that we followed up photomet-
rically using UKIRT. They cannot be fitted well with any templates, therefore have high
χ2 values and were further analysed. The six objects discussed here appear to not be vari-
able, but still have interesting photometry. One object could not be observed, as it was not
visible at the time. The discussion below is summarised in Table 6.4. The first column
lists the target number of the object and the follow up bands. The remaining columns list
the magnitudes (including follow up if available) of different bands and their errors.
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R.A.(2000) decl.(2000) Y±YErr J±JErr H±HErr K±KErr Comments
00:13:12.85 +07:58:04.9 16.75±0.01 16.33±0.01 14.99±0.01 14.90±0.01 variable, z∼3 QSO
02:44:32.06 –00:13:20.5 16.46±0.01 16.68±0.01 15.67±0.01 15.85±0.02 variable
03:01:37.62 +04:51:42.1 20.39±0.23 17.53±0.03 16.29±0.02 15.38±0.01 z∼3 BLQ
08:33:02.65 +00:39:45.3 16.41±0.01 16.71±0.01 16.46±0.02 16.21±0.03 variable, RR Lyrae?
08:45:48.17 +06:51:10.1 17.38±0.02 17.70±0.03 16.56±0.03 16.35±0.03 variable?
08:50:37.20 +04:43:57.1 16.73±0.01 17.02±0.02 17.66±0.08 16.47±0.04 emission line object interpolated in i
09:00:18.30 +00:49:35.1 17.00±0.01 16.28±0.01 15.36±0.01 15.23±0.01 variable
09:26:14.31 +01:05:57.3 17.12±0.02 17.55±0.03 17.15±0.04 15.46±0.02 variable from 2MASS
09:51:33.12 +01:18:28.6 17.42±0.02 17.49±0.02 16.49±0.03 16.69±0.05 variable?
10:12:33.86 +07:46:52.0 18.25±0.03 17.82±0.04 15.96±0.01 15.98±0.02 variable
12:58:21.76 +10:08:14.7 18.32±0.02 17.97±0.03 16.54±0.02 17.57±0.10 variable?
14:40:54.20 +11:18:51.5 17.14±0.01 16.83±0.01 15.64±0.01 15.57±0.02 variable
22:06:16.77 +02:23:09.1 18.22±0.04 17.92±0.04 16.90±0.04 17.70±0.11 variable?
22:31:09.89 +04:32:50.1 17.06±0.01 16.81±0.02 15.77±0.01 16.07±0.03 normal frames stacked badly
22:58:43.49 +11:09:12.1 17.57±0.02 17.12±0.02 15.94±0.01 15.62±0.02 saturated
23:21:37.43 +00:52:46.2 17.24±0.02 16.70±0.02 16.87±0.05 16.88±0.08 variable, QSO/HBS colours
Table 6.3: The table lists the objects that were considered interesting after the χ2 template
fit, but then explained through variability and other problems. We list their coordinates,
YJHK magnitudes, minimum χ2 values and explanations why they are not interesting to
us anymore.
6.7.1 ULAS J073026.22+251010.1
ULAS J073026.22+251010.1 (Target 1) had an original YJHK χ2 of 34.86. The survey
YJH magnitudes are 19.02±0.06, 17.93±0.03 and 16.58±0.02 respectively. Follow up
observations confirm those mostly by giving 18.85±0.03, 17.88±0.02 and 16.54±0.01.
The new χ2 is 38.07 which is slightly higher due to the smaller errors of the deeper follow
up observations. When SDSS bands are included in the fit the best fitting template is
a reddened quasar with E(B-V) = 0.5, z∼ 1.6, and high minimum χ2 of 34.86. While
this probably is a peculiar quasar we do not investigate it further due to its moderate
redshift. The ugrizYJHK SED of the source is plotted in Figure 6.9 where the follow up
magnitudes and template fit are plotted in red.
6.7.2 ULAS J083459.50-000015.5
ULAS J083459.50-000015.5 (Target 2) has survey photometry for J and H of 16.27±0.01
and 15.67±0.01 respectively. This photometry produces a rather large minimum χ2 of
41.48 for the YJHK SED fit, classifying it as a quasar with z∼ 1.6. The follow up gives
16.55±0.02 and 16.06±0.02 for J and H respectively. This reduces the minimum χ2 for
9 bands (ugrizYJHK) from 92.04 to 28.61. The YJHK minimum χ2 drops to 1.94 with
follow up photometry deeming it uninteresting for us. This object was ranked high for
follow up observations as its YJHK data was taken at the same time therefore excluded
variability as a possible explanation for the interesting photometry. Instead there appears
to be a problem with the J and H survey data although the problem is not evident from
visual inspection. The 9-band SED of Target 2 is illustrated in Figure 6.10.
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Figure 6.9: SED plot of Target 1 photometry (ugrizYJHK) comparing the survey data
(black circles) and the best fitting template (black line) with the follow up data (red
circles) and the best fitting template for the follow up data (red line). The follow up
observations in YJH did not change the photometry significantly.
Figure 6.10: SED plot of Target 2 photometry (ugrizYJHK) comparing the survey data
(black circles) and the best fitting template (black line) with the follow up data (red
circles) and the best fitting template for the follow up data (red line). The survey JH
magnitudes were flawed making this object uninteresting.
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Figure 6.11: SED plot of Target 3 photometry (ugrizYJHK) comparing the survey data
(black circles) and the best fitting template (black line) with the follow up data (red
circles) and the best fitting template for the follow up data (red line).
6.7.3 ULAS J225917.86+073633.2
ULAS J225917.86+073633.2 (Target 3) is interesting as all observations were taken si-
multaneously and its YJHK χ2 is 23.94. The survey HK magnitudes are 16.79±0.02 and
15.43±0.01. These are confirmed as the follow up gives 16.74±0.01 and 15.46±0.01 re-
spectively. The object is best fitted by a reddened quasar with E(B-V) = 0.3 at a model
redshift of 3.4. This gives a YJHK χ2 of 15.94. A 9-band ugrizYJHK SED fit classifies
the source as a reddened quasar with E(B-V) = 0.4 at z = 0.8 and the SED is plotted in
Figure 6.11. The minimum χ2 of 72.22 is rather large indicating that this is a peculiar
source. This classification was further investigated, as the object appeared to have sig-
nificant proper motion of 0.13′′/yr. After visually inspecting its USNO-B catalogue and
SDSS entry it became apparent that it has no proper motion and the entry in the SDSS
database is incorrect. This means that it can indeed be a reddened quasar at moderate
redshift.
6.7.4 ULAS J102428.01+044711.6
ULAS J102428.01+044711.6 (Target 4) has interesting photometry (YJHK χ2 = 25.70)
that is confirmed with follow up observations in HK (Horiginal = 17.27 ± 0.04, Koriginal =
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Figure 6.12: SED plot of Target 4 photometry (YJHK) comparing the survey data (black
circles) and the best fitting template (black line) with follow up data (red circles) and the
best fitting template for the follow up data (red line). This object remains interesting
as it is most likely a white dwarf with a mixed hydrogen and helium atmosphere at a
temperature of 6000K.
18.03 ± 0.15, HFollowup = 17.31 ± 0.03, KFollowup = 17.90 ± 0.06). It has a large proper
motion of 0.3′′/yr and all bands were observed within a few days of each other. The K
band looks very peculiar and is far too faint.
In the original YJHK χ2 fit it is best fitted with a hydrogen white dwarf at T =
10000K, while the follow up fits a B9IV star. Attempting a 9-band SED fit using the
survey data gives an F8V star with a large minimum χ2 = 81.68. The same template gives
the best fit to the follow up data.
In an attempt to improve the fit cooler hydrogen (T = 1500 - 5000K) and helium
(T = 3500 - 5000K) white dwarfs are fitted to the data. YJHK SED fits give a T =
3250K (χ2 = 12.31) and T = 3000K (χ2 = 14.91) hydrogen white dwarf for the survey
data and follow up data respectively. Fitting all 9 photometric bands ugrizYJHK gives
a helium white dwarf with T = 6000K for survey data (χ2 = 215.90) and follow up data
(χ2 = 301.87). The K band cannot be fitted appropriately, therefore we deduce that the
object is none of the well studied sources. After further investigation and discussions
with Sandy Leggett, we determined that it probably is a white dwarf with T ∼ 6000K with
a mixed hydrogen and helium atmosphere. The YJHK SED fit for the hydrogen white
dwarf is plotted in Figure 6.12 with the follow up data and fit overplotted in red.
176
6.7 Followed Up Objects Chapter 6: A Search for rare objects in UKIDSS
Figure 6.13: SED plot comparing Target 5 YJHK survey data from UKIDSS (black cir-
cles) to the best fitting template (black line) with follow up observations (red circles) with
the best fitting template for the follow up (red line). It can be clearly seen, that the bad fit
is purely related to the peculiarly bright J magnitude in the original observations. This
object is classified as an M5 dwarf using survey data and M1 using follow up photometry.
6.7.5 ULAS J102633.55+120910.2
ULAS J102633.55+120910.2 (Target 5) has an initial YJHK χ2 of 24.03 and is classified
as T3.5. It is reobserved in Y and J due to its peculiar J band. The original J gives
17.06±0.02 while the follow up has J = 17.36±0.02. This reduced the YJHK χ2 to 1.52
and classifies the source as an M5 dwarf, deeming it uninteresting. Using the ugrizYJHK
data, we classify the source as being an M5 (χ2 = 57.47). After the follow up, the object
is classified as an M1 dwarf with χ2 = 24.21. The classification is based on izYJHK
only, as brown dwarfs are too faint in ugr to be detected in SDSS. This 6-band SED fit is
illustrated in Figure 6.13.
6.7.6 ULAS J114503.19+150353.4
ULAS J114503.19+150353.4 (Target 6) has a peculiar very bright H band and is re-
observed in JH. The YJHK survey data results in a χ2 of 43.73 and classifies the source
as a quasar at z = 1.4. While the follow up confirms the J magnitude, the H magnitude
changes from 16.64±0.03 to 17.29±0.02. This reduces the YJHK χ2 to 0.44 and classifies
the object as a normal G8IV star. The ugrizYJHK classification for the survey data is a
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Figure 6.14: SED plot comparing Target 6 ugrizYJHK data (black circles) and the best
fitting template (black line) with the follow up magnitudes (red circles) and the best fitting
template (red line). The peculiar bright H band that caused the high minimum χ2 was a
flawed observation and the object is classified as an F8V star.
hydrogen white dwarf with T = 5500K and a very large χ2 of 143.23. The follow up
data classifies the object as a F8V star with a low minimum χ2 of 16.81. The interesting
photometry was a result of a flawed H band observation. This is illustrated in Figure 6.14.
Target Y±YErr J±JErr H±HErr K±KErr
0730+2510 (YJH) 18.85±0.03 17.88±0.02 16.54±0.01 16.34±0.03
0834–0000 (JH) 16.88±0.01 16.55±0.02 16.06±0.02 16.06±0.03
2259+0736 (HK) 18.42±0.03 17.36±0.02 16.74±0.01 15.46±0.01
1024+0447 (HK) 17.33±0.01 17.19±0.02 17.31±0.03 17.90±0.06
1026+1209 (YJ) 17.93±0.02 17.36±0.02 17.00±0.06 16.66±0.05
1145+1503 (JH) 17.93±0.02 17.59±0.02 17.29±0.02 17.19±0.06
Table 6.4: This table gives an overview of the interesting objects queued for follow up
observations with UKIDSS and quotes their follow up magnitudes.
6.8 Ultra Cool White Dwarfs
After discovering a potential ultra cool white dwarf (Target 4), we ran a separate search
for these extremely cool objects. The SQL had to be modified to output objects detected in
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YJ, but potentially undetected in HK. Previously objects had to have YJHK photometry.
The Y magnitude is constrained between 13 - 18.5 as brighter objects saturate and fainter
objects are too faint to have reliable photometry. Another implemented condition is Y −
J < −0.5, meaning the object is very blue.
This query is run in the Large Area survey (LAS) and the Galactic Clusters Survey
(GCS). The GCS images 11 stellar open clusters in 5 bands (ZYJHK) to depths of K=18.7
mag, equivalent to an area of 1400 deg2. It is necessary to image all bands at the same
time and have a second K band observation at a later time to determine the proper motion
of observed objects (Hewett et al., 2006; Lawrence et al., 2007).
This SQL search resulted in 102 and 14 potential candidates in LAS and GCS respec-
tively. The relatively small number of sources confirms that these very blue objects are
rare. After visual inspection most sources can be disregarded. This is due to either having
common issues described in Section 6.5, being passing asteroids or persistence. Persis-
tence occurs if a very bright object is observed and the detector does not recover from
the high photon input by the next image. This leads to detections of objects that do not
exist (residual photons). 15 sources in the LAS and zero sources in the GCS remain. One
of those sources has no measurements in the H band (ULAS J222318.59+003853.6) and
another none in HK (Target 7: ULAS J224505.36+011547.4). A 9-band χ2 fit cannot be
performed on those. The remaining 13 are fitted and 5 objects can be disregarded as they
fit quasar and star templates well, leaving 8 objects with YJHK detections to be further
investigated.
Due to the limited time available for follow up observations with UKIRT, we only
queue the source with no HK measurements for photometric follow up, as it also has quite
interesting SDSS colours: ugriz(AB) = 21.44±0.13, 21.55±0.06, 21.54±0.07, 21.66±0.12
and 21.22±0.29. It is discussed further in the next Section.
6.8.1 ULAS J224505.36+011547.4
ULAS J224505.36+011547.4 (Target 7) has Y = 16.89 ± 0.01 and J = 17.40 ± 0.03
detections, but is undetected in HK. It is followed up in JH, as deeper observations should
detect the source in H. These yield a J of 17.90±0.027 and a detection at 17.79±0.05 in
H. The significant difference between the archive and the followed up J band indicates
that this object is a variable and can be disregarded. In conclusion, this quick search for
ultra cool white dwarfs did not yield any interesting results.
179
6.9 Conclusion Chapter 6: A Search for rare objects in UKIDSS
6.9 Conclusion
A general search for rare objects in the UKIDSS LAS did not result in the discovery of a
new unknown class of object, but it produced a small number of interesting sources.
An SDSS dropout was identified as a Carbon Star and Target 4 was identified as a
mixed hydrogen and helium atmosphere white dwarf of moderate temperature. During
the search we also classified over 4 million objects into quasars, stars and dwarfs using χ2
template fitting.
The analysis of the data revealed several flaws with UKIDSS data. One of the most
common issues was the loss of the guide star during observations. This led to trailed
frames, which were incorporated into the final J band image. Quality control missed
these due to the large number of frames contributing to each image. Another issue was
objects close to each other in the line of sight not being resolved in one of the bands.
They were too bright in those bands as two objects contributed to the flux. Other objects
were split into two primaries with a very small separation in one of the bands. This led to
peculiar colours as the source was too faint in one of the bands. No general way was found
to remove these automatically and it is done by visual inspection. We also discovered a
region with poor flat fields in UKIDSS, leading to the introduction of the new error flag
’Bit 15’ which excludes those areas.
In a search for ultra cool white dwarfs, we repeated the search for objects with de-
tections in Y and J, but none in H and K. We hoped to discover some more interesting
sources after the modification but the search was unsuccessful.
Overall the search for unusual objects in UKIDSS was limited by the variability of
objects and the time difference of the observations in different bands.
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Conclusions
In this thesis we describe the search for brown dwarfs and rare objects in UKIDSS using
photometric data alone. We use the SDSS ugriz bands in the optical, the UKIDSS YJHK
bands in the near-infrared and the WISE W1W2 bands in the mid-infrared wavelengths to
cover a large wavelength range.
In Chapter 2 we introduce a new method dubbed photo-type. It is based on χ2 tem-
plate fitting to classify sources into types (star, quasar, L or T dwarf) and only requires
available photometric data. The L and T dwarf templates were derived by fitting poly-
nomials to each colour as a function of spectral type, thereby tying it to the standard
system. The accuracy of photo-type is determined using three different methods. The
first method compares our photometric classification to the DwarfArchives.org spec-
tral types. The second is based on producing a synthetic sample of colours of L and T
dwarfs with realistic errors which are then classified using photo-type. The third method
uses spectra obtained on the workhorse of brown dwarf science, the SpeX instrument on
the IRTF, which are classified without any knowledge of the photo-type classification and
then compared. All three are in agreement with each other and confirm that photo-type
classifies sources to an accuracy better than one spectral type, implying that it is compa-
rable to spectroscopy. Considering it takes 30min on an 8m class telescope to obtain a
spectrum good enough for classification of an L or T dwarf with J = 17.5, this means that
photo-type can save hundreds of hours of expensive telescope time as it does not require
spectroscopic follow up.
We also discuss possible sources of incompleteness which range from objects being
undetected in SDSS to missing off WISE or the UKIDSS K band. While we developed
a method to retrieve SDSS dropouts, we do not require WISE photometry (and there is
only one real WISE dropout) for classification and the number of sources missing off the
UKIDSS K band is only ∼ 1% for late-T dwarfs. Therefore we do not need to worry about
those. No sources were missed due to the matching radius between different surveys, but
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very fast moving objects might get missed due to the small UKIDSS matching radius of
2′′. We show how to produce templates for binary fitting, and quantify the sensitivity to
different binary type combinations.
In Chapter 3 we present the largest, homogeneous sample of accurately classified L
and T dwarfs to date. We illustrate the spatial distribution of those 1157 brown dwarfs
in the solar neighbourhood and find that L and T dwarfs in our sample can be found
to ∼150pc and ∼40pc respectively. We produce several plots to test if the magnitude,
spectral type and distance distribution of our sources looks correct. We discuss the Y − J
template colour in more detail and show that the discontinuity at L7/L8 is caused by the
disappearance of FeH absorption lines. A histogram of spectral types also indicates that
the rarest type is L8, but the small number is not caused by the Y − J discontinuity. We
illustrate the difference between the colour polynomials obtained from spectroscopic data
and polynomials obtained using our sample of 1157 L and T dwarfs and show that they
are in good agreement, with the exception of i − z where T dwarfs are not fitted well due
to their intrinsic faintness in the optical.
In Chapter 4 we search for potential brown dwarf binaries by finding nearest neigh-
bours, but find no good candidates. We also search for potential benchmark objects using
the catalogue published by Smith et al. (2014b) through finding systems with similar
proper motions, and present the most likely candidates. We use the large number of L0-
L2 dwarfs in our sample to investigate whether the disk scale height can be measured
from our data, but conclude that the depth is insufficient. We go on to measure the space
density for different spectral types and compare our results to literature values.
In Chapter 5 we present the NIR spectra of 20 brown dwarf candidates from the cata-
logue of 1157 sources. All are classified as ultra cool dwarfs, showing that contamination
is at a low level. Eight of the objects had χ2 < 15 and were used to calculate the accu-
racy of photo-type, while the remaining sources had higher χ2 values and were potential
peculiar sources. Follow up observations confirm the peculiarities of those objects and
therefore show that we are capable of finding interesting, not understood L and T dwarfs
using photo-type.
In Chapter 6 we present our search for rare objects in UKIDSS, which was done at
the beginning of my PhD and therefore uses a preliminary version of photo-type. Here
we searched for objects with high χ2 values that cannot be fitted by quasar, star or brown
dwarf templates and are therefore potentially interesting. We followed up several of the
sources photometrically and found them to be medium redshift quasars, a Carbon Star
and a mixed H/He atmosphere white dwarfs.
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The work in this thesis suggests a number of lines of enquiry that may produce fruitful
results. These are discussed below:
(i) The scale height of L and T dwarfs provides clues to their age. Stars in the Milky
Way form within ∼50pc of the Galactic plane, but are scattered to greater vertical
distances through random scattering events within a few Gyrs. This means that the
scale height is a function of age, where older objects have a greater scale height.
Current studies estimate the scale height of M dwarfs at ∼300pc (Bochanski et al.,
2007), but no value is known for L or T dwarfs. It should decline from early to mid
L dwarfs as the population becomes younger, due to it being dominated by young
brown dwarfs instead of old low-mass stars. This effect should be reversed for
mid-L and T dwarfs, as the population becomes older with increasing spectral type.
Detecting this increase in scale height can help break the mass-age degeneracy for
field L and T dwarfs. Despite the large number of relatively faint L and T dwarfs
presented in Chaper 3, the scale height of L and T dwarfs cannot be measured from
this data set. We require a deeper sample, which could be produced by searching
the UKIDSS Ultra Deep Survey. It covers an area of approximately 0.8deg2 and
reaches 4mag deeper than the LAS (3344deg2). For objects brighter than J = 21.5
we therefore expect to find
x = f
1157 × 0.8
3344
× 102.4 ∼ 70 × f , (7.1)
sources where f accounts for the decline due to scale height. The UDS is located
at a Galactic latitude of b = -59. Assuming the average distance to brown dwarfs
in LAS to be d = 100pc, this gives a depth of ∼540pc for the UDS. This means
that for a scale height of ∼ 300pc, the UDS reaches nearly two scale lengths and
we should be able to measure the scale height from the L and T dwarfs. By using
the above values we determine that f = exp(−540300 ) ∼ 0.17, which could vary by a
factor of 2 depending on the scale height. The UDS has some coverage in iz as well
as the mid-IR, i.e. Spitzer Ch1 and Ch2. This means that we have to rederive the
polynomial relations for the new bands.
(ii) We are interested in extending the search for rare objects to include highly reddened
objects (for example very young and/or dusty L and T dwarfs) and sub-dwarfs. The
templates derived in Chapter 2 are defined by a sequence that is based on normal
field MLT dwarfs. In the future we could attempt to model the colour against spec-
tral type sequence for young L and T dwarfs and sub-dwarfs. Due to the small
number of those objects known, the colour relations would not be well defined, so
the search would only produce candidates, not confirmed objects. Nonetheless it
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would greatly decrease the number of objects for which spectroscopic follow up is
necessary.
(iii) We are also interested in refining the classification scheme for L dwarfs which
is based on optical classifications defined in Kirkpatrick (2005) when only a few
L dwarfs were known. The near-IR sequence has never been defined in a refer-
eed journal but largely consists of simply publishing near-IR spectra of optically-
classified objects. It therefore makes sense to revisit the L sequence and explore
algorithms that define the sequence based on photometry alone, without taking
spectral classifications into account. This could potentially be done with PCA.
Our sample from Chapter 3 could provide the resources needed to reexamine the
sequence.
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Table A.1: L dwarfs
R.A. (2000) decl. (2000) i ± ierr z ± zerr Y ± Yerr J ± Jerr H ± Herr K ± Kerr W1 ±W1err W2 ±W2err photo-type χ2 SpT Ref
00 00 05.88 +15 23 54.49 21.30±0.12 19.52±0.12 18.47±0.04 17.27±0.03 16.51±0.03 15.92±0.03 − − L2 2.76 − −
00 01 12.24 +15 35 34.30 19.92±0.04 17.98±0.03 16.88±0.01 15.46±0.01 14.48±0.00 13.62±0.00 12.97±0.02 12.54±0.02 L5.5 54.71 − −
00 01 31.90 +07 35 28.13 21.04±0.06 19.09±0.06 18.13±0.03 17.18±0.02 16.43±0.03 15.90±0.03 15.65±0.05 15.38±0.10 L0 3.95 − −
00 01 58.78 +02 07 59.66 20.78±0.06 18.64±0.04 17.75±0.02 16.59±0.01 15.94±0.01 15.36±0.01 15.06±0.04 14.80±0.07 L1 4.06 L4 1
00 03 01.45 +11 02 18.47 20.52±0.06 18.49±0.04 17.60±0.02 16.60±0.01 15.91±0.02 15.35±0.02 15.08±0.04 14.84±0.07 L0 1.78 L1.5 2
00 03 34.77 –00 12 58.88 20.67±0.05 18.74±0.04 17.90±0.03 16.69±0.02 15.88±0.02 15.21±0.02 14.86±0.03 14.68±0.06 L2 8.91 − −
00 04 49.16 +07 10 36.24 20.77±0.05 18.78±0.04 17.98±0.04 16.93±0.02 16.26±0.03 15.70±0.02 15.34±0.04 15.07±0.08 L0.5 3.35 − −
00 04 56.51 +04 51 31.19 22.04±0.33 19.81±0.20 18.98±0.07 17.47±0.03 16.64±0.03 15.92±0.02 15.28±0.04 15.14±0.10 L4.5 6.26 − −
00 05 55.69 +09 35 54.97 20.48±0.07 18.30±0.05 17.38±0.02 16.34±0.01 15.76±0.01 15.23±0.01 14.95±0.04 14.63±0.06 L0 6.31 − −
00 06 46.80 +15 12 25.74 20.66±0.06 18.60±0.06 17.57±0.02 16.21±0.01 15.38±0.01 14.70±0.01 14.15±0.03 13.90±0.04 L4 5.07 − −
00 06 55.45 +02 36 35.60 20.69±0.06 18.52±0.04 17.70±0.02 16.29±0.01 15.37±0.01 14.65±0.01 14.09±0.03 13.78±0.04 L4.5 7.93 L4 2
00 07 40.29 +01 43 18.39 21.08±0.08 19.09±0.06 18.12±0.04 16.77±0.02 16.00±0.02 15.24±0.01 14.72±0.03 14.34±0.06 L4 5.19 − −
00 08 12.84 +08 06 42.10 20.67±0.05 18.63±0.04 17.62±0.03 16.56±0.02 15.86±0.02 15.32±0.02 14.95±0.04 14.61±0.06 L1.5 4.48 − −
00 09 49.61 +06 25 25.17 21.42±0.10 19.24±0.07 18.28±0.04 16.99±0.02 16.25±0.02 15.73±0.02 15.14±0.04 15.12±0.09 L2.5 12.21 − −
00 12 01.56 +01 41 37.95 21.41±0.11 19.38±0.08 18.41±0.05 17.24±0.03 16.55±0.03 15.98±0.02 15.60±0.05 15.51±0.11 L1.5 3.67 − −
00 12 34.13 +11 16 23.23 20.84±0.16 19.18±0.17 18.53±0.05 17.47±0.03 16.86±0.04 16.26±0.04 15.82±0.05 15.68±0.16 L0 15.95 − −
00 13 06.33 +05 08 51.24 20.59±0.09 18.87±0.11 18.10±0.03 16.75±0.02 15.72±0.01 14.91±0.01 14.33±0.03 13.97±0.04 L4.5 50.01 − −
00 13 34.75 +11 09 40.09 20.28±0.05 18.13±0.03 16.98±0.01 15.73±0.01 14.84±0.01 14.10±0.01 13.61±0.03 13.24±0.03 L4.5 9.71 − −
00 15 14.83 +02 48 03.97 19.49±0.03 17.51±0.03 16.81±0.01 15.76±0.01 15.10±0.01 14.48±0.01 14.10±0.03 13.78±0.04 L0.5 19.75 − −
00 16 08.50 –00 43 02.26 20.81±0.06 18.64±0.04 17.70±0.02 16.30±0.01 15.34±0.01 14.51±0.01 13.84±0.03 13.39±0.03 L5.5 20.70 L5.5 1
00 18 04.89 +12 15 11.24 21.42±0.13 19.33±0.10 18.53±0.04 17.48±0.03 16.86±0.03 16.29±0.04 15.91±0.05 15.73±0.15 L0.5 1.89 − −
00 18 51.68 +04 40 44.54 21.10±0.11 19.25±0.10 18.43±0.04 17.32±0.03 16.72±0.03 16.21±0.03 15.95±0.06 15.53±0.13 L0 3.46 − −
00 19 17.09 +02 48 20.71 19.85±0.03 17.85±0.03 16.92±0.01 15.98±0.01 15.34±0.01 14.78±0.01 14.49±0.03 14.27±0.05 L0 3.17 − −
00 19 50.05 +03 15 29.63 19.46±0.03 17.52±0.02 16.62±0.01 15.66±0.01 14.91±0.01 14.37±0.01 14.18±0.03 13.91±0.04 L0 6.50 − −
00 20 30.82 +14 08 45.52 21.54±0.13 19.38±0.09 18.52±0.04 17.35±0.02 16.52±0.03 15.89±0.03 15.34±0.04 15.23±0.11 L3 3.25 − −
00 21 10.55 +00 04 13.46 21.20±0.08 19.20±0.07 18.28±0.04 17.24±0.03 16.60±0.03 16.04±0.03 15.76±0.05 15.77±0.16 L0 3.61 − −
00 21 38.89 +00 26 05.68 21.02±0.09 19.24±0.07 18.64±0.06 17.34±0.03 16.59±0.03 16.09±0.03 15.76±0.05 15.35±0.10 L1 20.27 L1.5 3
00 23 27.76 +11 09 48.00 21.01±0.09 19.15±0.08 18.07±0.03 16.87±0.02 16.10±0.02 15.51±0.02 15.07±0.04 14.91±0.07 L2.5 6.64 − −
00 23 46.34 +07 15 44.02 21.28±0.08 19.21±0.06 18.27±0.04 17.24±0.03 16.55±0.03 16.02±0.03 15.83±0.05 15.42±0.11 L0.5 3.82 − −
00 24 19.43 +14 48 17.59 21.06±0.09 19.01±0.08 18.09±0.04 17.05±0.02 16.33±0.03 15.78±0.03 15.25±0.04 14.99±0.09 L1.5 6.04 − −
00 25 54.18 +07 37 29.83 20.27±0.04 18.32±0.04 17.36±0.02 16.42±0.02 15.65±0.01 15.13±0.01 14.85±0.03 14.65±0.06 L0.5 6.50 − −
00 26 40.46 +06 32 15.14 18.54±0.01 16.45±0.01 15.52±0.01 14.42±0.00 13.76±0.00 13.23±0.00 12.96±0.03 12.68±0.03 L0.5 7.15 M9.5 −
00 27 41.97 +05 03 41.80 19.85±0.05 18.00±0.05 17.18±0.01 16.14±0.01 15.52±0.01 14.94±0.01 14.62±0.03 14.07±0.05 L0 25.42 M9.5 4
00 27 51.48 +05 11 40.97 21.32±0.13 19.32±0.11 18.38±0.03 17.15±0.02 16.45±0.02 15.79±0.02 15.37±0.04 15.27±0.10 L2 3.42 − −
00 28 39.52 +15 01 41.57 21.36±0.11 18.96±0.08 18.02±0.04 16.55±0.02 15.45±0.02 14.60±0.01 13.89±0.03 13.53±0.04 L7 28.72 L4.5 5
00 30 12.47 +04 54 12.03 21.51±0.14 19.19±0.08 18.30±0.03 16.94±0.02 16.04±0.01 15.25±0.01 14.63±0.03 14.23±0.05 L5.5 2.96 − −
00 31 14.19 +10 47 50.65 20.39±0.06 18.25±0.03 17.32±0.01 16.26±0.01 15.62±0.01 14.98±0.01 14.66±0.03 14.31±0.06 L1 5.50 − −
00 31 28.13 +11 42 08.17 21.62±0.18 19.35±0.09 18.60±0.05 17.29±0.02 16.61±0.02 15.99±0.03 15.64±0.05 15.36±0.14 L2 4.15 − −
00 32 05.35 +02 18 58.66 18.26±0.01 16.37±0.01 15.44±0.00 14.22±0.00 13.45±0.00 12.80±0.00 12.46±0.02 12.22±0.03 L2 8.48 L1.5 6
00 32 59.51 +14 10 37.20 22.74±0.46 18.82±0.07 17.83±0.03 16.65±0.02 15.69±0.01 15.00±0.01 14.29±0.03 13.73±0.04 L9 6.61 L8 7
00 33 42.97 –01 00 34.11 21.05±0.09 19.35±0.10 18.34±0.06 17.31±0.04 16.56±0.04 15.81±0.03 15.62±0.05 15.40±0.11 L1.5 13.01 − −
00 35 50.63 +06 15 58.62 19.14±0.02 17.18±0.02 16.25±0.01 15.26±0.00 14.64±0.00 14.10±0.01 13.78±0.03 13.51±0.04 L0 1.63 − −
00 35 56.76 +08 15 22.03 21.70±0.29 19.16±0.13 18.65±0.03 17.31±0.02 16.45±0.03 15.85±0.02 15.20±0.04 14.89±0.09 L4 11.07 − −
00 36 55.43 +04 55 38.53 21.03±0.09 19.12±0.08 18.36±0.03 17.34±0.02 16.69±0.03 16.11±0.03 15.57±0.05 15.28±0.10 L0.5 19.42 − −
00 38 20.47 +03 23 47.06 21.28±0.10 19.29±0.08 18.32±0.03 17.23±0.02 16.61±0.02 16.10±0.03 15.76±0.05 15.54±0.14 L0.5 2.11 − −
00 38 44.02 +13 43 39.07 19.96±0.04 17.87±0.03 16.95±0.01 15.89±0.01 15.28±0.01 14.77±0.01 14.43±0.03 14.24±0.05 L0 5.92 L1 8
00 39 33.37 +10 01 42.81 21.02±0.10 18.98±0.08 18.06±0.03 16.88±0.02 16.10±0.02 15.47±0.02 14.93±0.04 14.66±0.08 L3 2.65 − −
00 41 03.77 +09 23 19.97 21.05±0.08 19.26±0.07 18.31±0.04 17.35±0.02 16.58±0.03 15.93±0.03 15.67±0.05 15.42±0.14 L1 10.56 − −
00 41 50.39 +07 10 21.91 21.05±0.08 19.15±0.07 18.22±0.03 16.89±0.02 16.10±0.02 15.36±0.02 14.99±0.04 14.77±0.09 L3 8.34 − −
00 41 54.44 +13 41 34.07 18.42±0.01 16.33±0.01 15.39±0.00 14.37±0.00 13.76±0.00 13.21±0.00 12.88±0.02 12.59±0.03 L0.5 4.86 L0 8
00 42 44.57 +05 25 59.49 21.19±0.18 19.07±0.11 18.41±0.04 17.15±0.03 16.38±0.02 15.80±0.02 15.49±0.05 15.16±0.11 L2 6.05 − −
00 43 50.11 +09 28 42.32 20.33±0.04 18.29±0.03 17.47±0.02 16.27±0.01 15.48±0.01 14.84±0.01 14.52±0.03 14.29±0.05 L2 4.60 − −
00 43 50.54 +01 52 37.71 21.11±0.10 18.90±0.06 18.11±0.03 16.99±0.02 16.28±0.02 15.81±0.02 15.47±0.05 15.25±0.10 L0.5 4.48 − −
00 46 48.08 +16 08 07.93 19.45±0.03 17.52±0.03 16.62±0.01 15.62±0.01 14.97±0.01 14.42±0.01 14.16±0.03 13.89±0.04 L0 1.89 M9 9
00 46 48.46 +07 15 17.28 18.12±0.01 16.00±0.01 14.89±0.00 13.82±0.00 13.17±0.00 12.51±0.00 12.09±0.02 11.64±0.02 L2.5 21.94 − −
00 47 35.99 +03 28 28.55 20.96±0.11 19.16±0.10 18.51±0.04 17.36±0.03 16.66±0.03 16.08±0.03 15.97±0.06 15.50±0.15 L0 14.20 − −
00 48 44.96 +01 23 22.81 19.06±0.02 17.13±0.02 16.32±0.01 15.28±0.00 14.56±0.01 13.96±0.00 13.60±0.03 13.27±0.03 L0.5 12.14 − −
00 49 28.45 +04 40 59.77 21.25±0.13 17.99±0.04 16.90±0.01 15.77±0.01 14.80±0.01 14.13±0.01 13.43±0.03 12.96±0.03 L9 10.47 L2.5 11
00 49 31.69 –00 20 58.67 20.71±0.05 18.68±0.05 17.65±0.02 16.52±0.01 15.80±0.01 15.17±0.01 14.81±0.04 14.41±0.06 L2 4.49 L9 10
00 49 35.15 +08 07 21.13 21.06±0.22 19.02±0.15 18.57±0.04 17.45±0.03 16.77±0.05 16.10±0.03 15.86±0.05 15.90±0.17 L0.5 14.08 − −
00 50 15.62 +10 12 43.19 21.11±0.09 19.39±0.11 18.17±0.03 16.70±0.02 15.86±0.02 15.08±0.01 14.57±0.03 14.22±0.05 L4.5 20.82 − −
00 50 40.75 +12 19 49.17 20.90±0.09 18.74±0.06 18.04±0.03 16.92±0.02 16.28±0.02 15.73±0.03 15.30±0.04 14.99±0.08 L0.5 7.06 − −
00 52 11.57 –00 06 25.80 21.04±0.07 18.96±0.06 18.00±0.03 16.85±0.02 16.12±0.01 15.45±0.02 15.17±0.04 14.92±0.09 L2 3.63 − −
00 52 12.28 +00 12 16.47 21.09±0.08 18.73±0.05 17.87±0.03 16.54±0.02 15.81±0.01 15.21±0.01 14.67±0.03 14.35±0.06 L3 10.7 L2 11
00 54 06.65 –00 31 03.07 19.56±0.03 17.66±0.03 16.86±0.01 15.63±0.01 14.92±0.01 14.30±0.01 14.00±0.03 13.76±0.05 L1.5 9.55 L1 8
00 55 05.69 +01 34 36.03 20.63±0.07 18.73±0.06 17.71±0.02 16.37±0.01 15.29±0.01 14.40±0.01 13.71±0.03 13.25±0.03 L6 63.58 − −
00 55 48.22 –00 36 32.98 21.60±0.13 19.25±0.07 18.48±0.05 17.44±0.03 16.71±0.04 16.27±0.04 15.87±0.06 15.60±0.17 L0.5 6.85 − −
00 56 04.33 +12 15 10.71 21.47±0.18 18.89±0.09 18.54±0.04 17.50±0.03 16.75±0.04 16.29±0.04 15.88±0.05 15.56±0.14 L0 24.44 − −
00 56 39.47 +02 49 14.28 21.38±0.11 19.20±0.09 18.30±0.03 17.28±0.02 16.58±0.03 16.11±0.03 − − L0.5: 3.82 − −
00 57 11.49 +10 03 07.94 20.70±0.13 18.80±0.12 18.47±0.04 17.21±0.03 16.49±0.03 15.89±0.03 15.53±0.05 15.09±0.09 L1.5 33.04 − −
00 59 00.42 +10 34 22.44 21.19±0.10 19.24±0.07 18.31±0.03 17.29±0.02 16.62±0.03 16.14±0.03 15.79±0.05 15.77±0.15 L0 3.36 − −
01 00 00.03 +09 09 55.88 21.58±0.19 19.55±0.13 18.77±0.06 17.40±0.03 16.57±0.03 15.83±0.03 15.41±0.04 15.14±0.10 L3.5 4.52 − −
01 01 53.13 +15 28 19.84 19.21±0.02 17.25±0.02 16.31±0.01 15.31±0.01 14.68±0.01 14.15±0.01 13.78±0.03 13.51±0.03 L0 3.4 M9.5 2
01 02 02.09 +03 55 41.44 22.34±0.35 18.84±0.07 17.90±0.02 16.72±0.02 15.70±0.01 15.01±0.01 14.22±0.03 13.65±0.04 L8 6.91 − −
01 04 07.74 –00 53 28.59 21.26±0.10 18.79±0.05 17.86±0.03 16.53±0.01 15.79±0.02 15.22±0.02 14.68±0.03 14.47±0.05 L3 17.6 L5 11
01 04 53.21 +10 40 23.09 21.66±0.22 19.64±0.15 18.63±0.06 17.24±0.03 16.40±0.02 15.71±0.02 15.22±0.04 14.93±0.07 L4 4.11 − −
01 05 27.55 +10 00 18.14 21.16±0.12 19.42±0.13 18.49±0.04 17.38±0.02 16.66±0.03 16.11±0.03 15.98±0.05 15.78±0.13 L0 9.11 − −
01 06 52.66 +13 12 56.00 20.53±0.07 18.61±0.05 17.64±0.02 16.49±0.01 15.91±0.02 15.40±0.02 15.07±0.03 14.72±0.06 L0.5 5.12 − −
01 08 07.97 +02 28 37.50 21.45±0.11 19.34±0.08 18.34±0.04 17.02±0.02 16.13±0.02 15.43±0.01 14.98±0.04 14.66±0.07 L4 4 − −
01 09 07.51 +06 25 59.03 18.55±0.02 16.56±0.01 15.65±0.01 14.49±0.00 13.85±0.00 13.27±0.00 12.79±0.02 12.48±0.03 L1.5 5.3 − −
01 10 05.82 +04 15 10.42 21.82±0.19 19.36±0.09 18.50±0.05 17.34±0.03 16.65±0.03 16.12±0.03 − − L1.5: 5.43 − −
01 11 51.90 –01 05 34.19 21.94±0.19 19.71±0.11 18.64±0.06 17.34±0.03 16.53±0.03 15.93±0.03 15.43±0.04 15.01±0.09 L3.5 5.86 − −
01 12 01.84 +13 16 59.36 20.65±0.05 18.41±0.04 17.60±0.02 16.63±0.02 15.90±0.02 15.34±0.02 − − L0.5: 8.18 − −
01 12 18.06 +12 41 52.85 21.38±0.13 19.72±0.11 18.54±0.05 17.43±0.04 16.77±0.03 16.24±0.04 15.78±0.05 15.35±0.10 L1.5 9.23 − −
01 12 45.87 +13 26 58.88 20.95±0.07 18.77±0.04 18.01±0.03 16.99±0.02 16.30±0.02 15.76±0.02 15.48±0.04 15.25±0.09 L0 3.62 − −
01 14 24.29 +03 22 53.86 21.17±0.10 19.26±0.08 18.32±0.03 17.09±0.02 16.38±0.02 15.80±0.02 15.57±0.05 15.39±0.10 L1.5 8.54 − −
01 15 58.22 +07 12 55.10 21.15±0.14 19.36±0.12 18.24±0.04 17.24±0.02 16.57±0.02 16.11±0.03 15.76±0.05 15.57±0.12 L0 4.53 − −
01 18 16.78 +14 18 41.57 20.87±0.08 18.88±0.06 18.04±0.04 16.98±0.03 16.28±0.02 15.66±0.02 15.45±0.04 15.25±0.10 L0.5 3.3 L1 12
01 18 45.50 +15 29 42.63 20.24±0.05 18.28±0.04 17.26±0.02 16.27±0.01 15.65±0.01 15.05±0.01 14.76±0.03 14.39±0.05 L0.5 5.34 L0 2
01 19 42.99 +11 22 44.80 21.53±0.14 19.21±0.08 18.45±0.04 17.37±0.02 16.65±0.03 16.08±0.03 − − L1: 3.38 − −
01 19 55.25 +13 01 53.91 21.18±0.12 19.26±0.09 18.39±0.05 17.37±0.03 16.62±0.03 16.17±0.03 15.79±0.05 15.74±0.15 L0 4.39 − −
01 20 51.60 +07 01 04.12 20.38±0.04 18.47±0.04 17.60±0.02 16.45±0.01 15.72±0.01 15.10±0.01 14.77±0.03 14.55±0.06 L1.5 4.73 − −
01 20 52.61 +15 18 27.27 20.18±0.05 18.18±0.03 17.11±0.02 16.09±0.01 15.50±0.01 14.92±0.01 14.60±0.03 14.24±0.05 L0.5 10.38 BD candidate −
01 21 26.99 +01 58 03.62 20.42±0.06 18.44±0.04 17.68±0.03 16.72±0.02 15.88±0.02 15.44±0.02 15.08±0.04 14.88±0.07 L0 11.29 − −
01 22 17.00 +03 31 22.03 − 17.50±0.02 16.44±0.01 15.35±0.01 14.74±0.01 14.20±0.01 − − L1: 7.79 − −
01 22 36.33 +15 33 39.38 20.30±0.06 18.23±0.04 17.26±0.02 16.27±0.01 15.66±0.01 15.07±0.01 14.80±0.03 14.42±0.05 L0.5 5.72 − −
01 22 37.06 +07 05 57.88 21.06±0.10 19.00±0.08 18.24±0.03 17.09±0.02 16.35±0.02 15.79±0.02 15.46±0.04 15.57±0.13 L1 9.78 L0 13
01 23 23.75 +01 16 02.01 21.53±0.17 19.17±0.07 18.19±0.03 17.05±0.02 16.28±0.03 15.68±0.02 15.34±0.04 15.18±0.08 L2 8.47 − −
01 24 06.54 +14 04 41.89 19.82±0.07 17.75±0.05 17.32±0.02 16.21±0.01 15.48±0.01 14.89±0.01 14.55±0.03 14.23±0.05 L0.5 37.97 − −
01 24 18.97 +05 50 25.57 20.74±0.10 18.63±0.06 17.77±0.03 16.59±0.01 15.96±0.01 15.40±0.01 15.02±0.04 14.65±0.06 L1.5 3.92 − −
01 24 24.70 +13 35 10.86 20.97±0.08 19.06±0.07 18.14±0.04 17.07±0.03 16.45±0.03 15.99±0.03 15.55±0.05 15.23±0.09 L0 5.11 − −
01 25 03.24 +08 40 49.51 20.55±0.09 18.43±0.05 17.54±0.02 16.61±0.01 15.90±0.02 15.38±0.02 15.11±0.04 14.94±0.08 L0 4.74 − −
01 25 27.08 +12 28 03.53 20.51±0.06 18.61±0.04 17.70±0.02 16.55±0.01 15.86±0.01 15.26±0.01 15.00±0.04 14.77±0.08 L1 3.52 − −
01 27 43.58 +13 54 21.36 21.81±0.18 19.10±0.07 17.97±0.03 16.77±0.02 15.91±0.02 15.18±0.01 14.47±0.03 14.14±0.04 L5 11.81 − −
01 27 56.87 +01 10 05.83 21.27±0.11 19.23±0.07 18.23±0.05 17.08±0.03 16.37±0.03 15.89±0.03 − − L1.5: 3.74 L5 8
01 30 28.53 +15 40 16.75 22.85±0.57 19.70±0.18 18.32±0.04 17.07±0.02 16.23±0.02 15.60±0.02 14.87±0.03 14.48±0.06 L9.5 12.17 − −
01 32 43.82 +05 52 32.23 20.94±0.10 18.71±0.06 17.76±0.02 16.41±0.01 15.48±0.01 14.75±0.01 14.23±0.03 13.94±0.04 L4.5 4.51 − −
01 33 34.82 +07 06 53.17 21.46±0.13 19.40±0.09 18.66±0.04 17.47±0.03 16.90±0.04 16.29±0.03 15.77±0.05 15.47±0.12 L1.5 8.63 − −
01 34 02.78 +05 08 12.82 20.07±0.05 18.16±0.04 17.23±0.02 16.02±0.01 15.25±0.01 14.62±0.01 14.27±0.03 13.98±0.04 L2 3.82 L2 14
01 34 44.08 +14 57 41.86 20.83±0.08 18.78±0.06 17.76±0.03 16.75±0.02 16.17±0.02 15.63±0.02 15.43±0.04 15.22±0.10 L0 9.47 − −
01 36 33.19 +06 55 00.41 20.93±0.07 18.85±0.06 18.00±0.03 17.01±0.02 16.31±0.02 15.77±0.02 15.54±0.05 15.26±0.09 L0 1.87 − −
01 36 40.53 +01 33 18.14 20.91±0.07 18.91±0.05 18.01±0.03 16.94±0.02 16.31±0.02 15.73±0.02 − − L0.5: 0.24 − −
01 39 37.67 +01 52 16.29 21.91±0.19 19.72±0.12 18.88±0.06 17.44±0.03 16.64±0.03 15.92±0.02 15.39±0.04 14.95±0.07 L4 5.1 − −
01 39 58.04 +11 14 56.91 21.23±0.12 19.39±0.10 18.44±0.04 17.31±0.02 16.64±0.03 16.05±0.03 15.76±0.05 15.58±0.14 L1 2.08 − −
01 40 47.31 +14 13 19.06 19.57±0.03 17.54±0.03 16.69±0.01 15.63±0.01 15.04±0.01 14.46±0.01 14.09±0.03 13.82±0.04 L0.5 2.95 L0 2
01 41 26.51 +10 01 34.16 21.89±0.32 19.72±0.16 18.42±0.05 17.13±0.02 16.26±0.02 15.52±0.02 14.79±0.03 14.48±0.06 L5.5 4.45 − −
01 42 56.78 +00 03 26.94 21.13±0.09 19.02±0.07 17.87±0.03 16.86±0.02 16.25±0.02 15.68±0.02 15.16±0.04 14.92±0.07 L1.5 18.12 − −
01 43 23.93 +05 10 49.86 20.82±0.11 18.99±0.08 17.87±0.02 16.48±0.01 15.56±0.01 14.83±0.01 14.17±0.03 13.83±0.04 L5 13.84 − −
01 44 43.73 +10 25 26.32 22.35±0.28 19.66±0.12 18.45±0.04 17.31±0.02 16.32±0.03 15.62±0.02 14.89±0.03 14.55±0.05 L5.5 8.14 − −
01 45 52.71 +04 20 14.93 20.61±0.08 18.55±0.06 17.77±0.02 16.68±0.01 16.02±0.02 15.38±0.01 15.09±0.04 14.86±0.07 L0.5 3.37 − −
01 48 47.31 +10 37 38.04 20.77±0.08 18.79±0.06 17.90±0.02 16.94±0.01 16.21±0.02 15.69±0.02 15.42±0.04 15.24±0.09 L0 2.88 − −
01 48 54.75 +06 24 11.32 20.57±0.06 18.60±0.05 17.89±0.03 16.75±0.02 16.12±0.02 15.54±0.02 15.31±0.04 14.95±0.07 L0 5.99 − −
01 49 56.31 +00 16 47.80 21.12±0.08 19.17±0.08 18.21±0.04 17.18±0.03 16.53±0.03 15.99±0.03 15.67±0.04 15.52±0.12 L0.5 2.07 L0.5 3
01 50 02.85 +13 52 37.77 20.81±0.08 18.83±0.07 17.81±0.03 16.65±0.02 15.92±0.02 15.28±0.02 14.95±0.03 14.65±0.05 L2 2.39 − −
01 50 05.18 +05 56 18.18 21.18±0.09 19.26±0.08 18.34±0.04 17.42±0.03 16.63±0.03 16.04±0.03 15.85±0.05 15.50±0.13 L0.5 6.92 − −
01 51 29.32 +11 31 29.51 21.93±0.21 19.13±0.08 18.24±0.03 16.80±0.02 15.74±0.01 14.90±0.01 14.26±0.03 13.97±0.04 L6.5 16.3 BD candidate −
01 51 41.02 –00 51 56.52 19.25±0.02 17.28±0.02 16.23±0.01 15.02±0.00 14.28±0.00 13.65±0.00 13.14±0.04 12.85±0.04 L3 5.79 − −
01 52 50.12 +04 32 24.25 21.54±0.12 19.57±0.10 18.84±0.05 17.47±0.03 16.61±0.03 15.98±0.03 15.60±0.04 15.27±0.09 L3 8.56 − −
01 55 07.33 +03 09 57.79 21.20±0.10 19.34±0.08 18.24±0.04 17.29±0.03 16.59±0.03 16.07±0.03 15.62±0.04 15.31±0.09 L1 8.38 − −
01 55 51.07 –00 44 57.41 20.85±0.06 18.76±0.04 17.95±0.03 16.88±0.02 16.31±0.02 15.76±0.02 15.44±0.04 15.15±0.08 L0 1.71 − −
01 56 36.97 +02 05 12.17 20.82±0.07 18.79±0.05 17.98±0.03 16.88±0.02 16.30±0.02 15.72±0.02 15.46±0.04 15.17±0.09 L0 0.88 − −
01 57 37.42 +09 50 11.83 20.37±0.07 18.35±0.04 17.45±0.02 16.46±0.01 15.79±0.01 15.27±0.01 14.88±0.03 14.65±0.06 L0 3.04 − −
01 59 07.26 +09 13 13.63 20.35±0.07 18.35±0.06 17.52±0.02 16.40±0.01 15.68±0.01 15.11±0.01 14.84±0.03 14.54±0.05 L1 1.75 − −
01 59 23.11 +15 41 29.64 19.90±0.04 17.89±0.03 16.98±0.01 15.84±0.01 15.16±0.01 14.53±0.01 14.21±0.03 13.94±0.04 L1.5 0.69 − −
02 00 09.99 +10 37 34.65 21.27±0.14 19.51±0.12 18.74±0.07 17.41±0.03 16.69±0.02 15.97±0.03 15.65±0.04 15.54±0.11 L2 11.01 − −
02 00 22.61 +05 16 08.51 22.23±0.40 19.70±0.15 18.82±0.05 17.50±0.03 16.82±0.03 16.27±0.04 15.58±0.04 15.69±0.13 L2.5 14.92 − −
02 00 48.95 +07 21 17.76 20.83±0.09 18.67±0.07 17.74±0.02 16.56±0.01 15.90±0.02 15.30±0.01 14.79±0.03 14.51±0.05 L2 4.96 − −
02 02 05.93 +09 28 16.09 21.12±0.15 18.89±0.08 18.13±0.04 16.96±0.02 16.28±0.02 15.79±0.02 15.36±0.04 15.25±0.09 L1 5.33 − −
02 05 03.66 +12 51 42.02 20.35±0.05 17.98±0.03 17.02±0.01 15.56±0.01 14.51±0.00 13.64±0.00 12.94±0.02 12.56±0.02 L6.5 34.04 L5 15
02 06 51.30 +07 23 14.02 21.02±0.09 19.05±0.07 18.18±0.03 16.99±0.02 16.27±0.02 15.63±0.02 15.27±0.04 14.99±0.07 L2 1.26 − −
02 07 04.14 +01 02 29.84 21.08±0.08 19.06±0.06 18.20±0.04 17.02±0.03 16.39±0.03 15.78±0.02 15.57±0.04 15.31±0.09 L1 4.17 − −
02 07 35.73 +13 55 54.90 19.39±0.02 17.53±0.02 16.59±0.01 15.37±0.01 14.53±0.00 13.83±0.00 13.49±0.02 13.26±0.03 L2.5 14.47 L3 6
02 09 02.34 +03 46 45.16 23.22±0.45 19.49±0.11 18.70±0.05 17.34±0.02 16.33±0.02 15.58±0.02 14.91±0.03 14.54±0.05 L6 8.75 − −
02 10 21.38 +13 03 31.83 21.16±0.09 19.19±0.08 18.26±0.04 17.06±0.02 16.36±0.02 15.74±0.02 15.44±0.04 15.35±0.10 L1.5 5.41 L1.5 2
02 10 39.87 +00 26 24.38 20.46±0.05 18.50±0.04 17.47±0.02 16.47±0.01 15.82±0.02 15.25±0.01 14.91±0.03 14.70±0.06 L0.5 4.53 − −
02 11 21.16 +02 54 11.92 20.79±0.07 18.79±0.05 17.82±0.03 16.77±0.02 16.06±0.02 15.46±0.02 15.17±0.04 14.90±0.06 L1 1.81 − −
02 11 28.23 +14 10 03.64 20.09±0.05 18.12±0.04 17.24±0.02 16.14±0.01 15.44±0.01 14.89±0.01 14.58±0.03 14.38±0.05 L0.5 2.47 − −
02 11 36.93 +04 12 18.90 21.58±0.16 19.78±0.15 18.75±0.05 17.40±0.03 16.63±0.03 15.94±0.02 15.51±0.04 15.32±0.10 L3 5.73 L0 13
02 12 42.39 +03 41 01.21 18.66±0.01 16.56±0.01 15.72±0.01 14.57±0.00 13.95±0.00 13.43±0.00 13.11±0.02 12.87±0.03 L0.5 3.71 L1 2
02 12 50.51 +00 24 11.81 20.74±0.06 18.70±0.05 17.69±0.02 16.65±0.01 16.04±0.02 15.57±0.02 15.27±0.04 14.97±0.07 L0 7.82 − −
02 16 08.54 +06 19 31.11 21.02±0.11 19.40±0.13 18.52±0.04 17.39±0.02 16.79±0.03 16.18±0.03 15.97±0.05 15.87±0.13 L0 10.93 − −
02 19 04.48 +01 42 37.16 20.99±0.09 19.13±0.09 18.58±0.05 17.27±0.03 16.50±0.03 15.83±0.02 15.45±0.04 15.34±0.09 L2 23.41 − −
02 19 22.05 +05 06 30.76 19.09±0.02 17.05±0.01 16.02±0.01 14.85±0.00 14.09±0.00 13.45±0.00 12.95±0.02 12.63±0.03 L3 3.75 L1 9
02 21 01.24 +02 31 43.44 20.59±0.06 18.46±0.04 17.47±0.02 16.09±0.01 15.23±0.01 14.44±0.01 13.89±0.03 13.50±0.03 L5 7.24 − −
02 22 59.49 +04 33 33.72 21.07±0.10 19.28±0.10 18.46±0.03 17.31±0.03 16.49±0.02 15.85±0.02 15.60±0.04 15.34±0.09 L1.5 11.51 − −
02 23 25.46 +06 43 16.87 20.38±0.06 18.89±0.08 18.09±0.03 16.95±0.02 16.14±0.02 15.47±0.02 15.08±0.03 14.83±0.07 L1.5 54.66 − −
02 23 49.53 +01 03 51.34 21.28±0.11 19.26±0.08 18.26±0.04 17.12±0.02 16.51±0.03 15.93±0.03 15.77±0.05 15.57±0.10 L0.5 9.41 − −
02 24 47.00 +06 54 15.66 19.02±0.03 17.24±0.03 16.22±0.01 15.22±0.01 14.55±0.01 13.97±0.01 13.63±0.03 13.30±0.03 L0.5 11.42 − −
02 26 29.65 +01 27 23.90 20.79±0.07 18.83±0.05 17.88±0.03 16.72±0.02 15.98±0.02 15.37±0.02 15.04±0.03 14.79±0.06 L1.5 2.75 − −
02 27 10.59 +00 55 36.48 21.52±0.14 19.68±0.11 18.91±0.07 17.49±0.03 16.79±0.03 16.16±0.03 15.68±0.04 15.39±0.09 L2.5 6.73 − −
02 29 27.96 –00 53 28.50 21.06±0.09 18.86±0.06 17.81±0.03 16.61±0.02 15.81±0.02 15.15±0.02 14.69±0.03 14.34±0.05 L3.5 5.91 L 11
02 30 40.65 +07 18 07.68 20.41±0.12 18.71±0.11 17.99±0.03 16.86±0.02 16.19±0.02 15.61±0.02 15.24±0.04 14.94±0.08 L0.5 13.94 − −
02 30 48.01 –00 25 59.87 21.79±0.16 19.51±0.10 18.89±0.07 17.35±0.03 16.63±0.04 16.07±0.04 15.48±0.04 15.43±0.09 L3 15.2 − −
02 31 58.02 +05 57 23.50 21.14±0.09 19.08±0.06 18.22±0.03 17.30±0.02 16.59±0.03 15.99±0.02 15.68±0.05 15.60±0.13 L0 5.45 − −
02 32 16.80 +03 14 06.49 21.81±0.18 19.51±0.10 18.60±0.04 17.37±0.04 16.39±0.02 15.72±0.02 15.31±0.04 14.98±0.07 L4 7.31 − −
02 34 59.13 +05 08 54.27 20.27±0.06 18.54±0.06 17.60±0.02 16.58±0.02 15.92±0.02 15.40±0.02 15.10±0.04 14.72±0.06 L0 9.14 − −
02 35 25.97 +03 41 10.92 21.11±0.09 19.20±0.07 18.12±0.03 17.11±0.02 16.38±0.02 15.85±0.02 15.48±0.04 15.29±0.10 L1 5.29 − −
02 38 11.88 +05 15 09.28 20.29±0.04 18.27±0.04 17.37±0.02 16.36±0.01 15.65±0.01 15.10±0.01 14.85±0.03 14.65±0.06 L0.5 4.3 − −
02 39 09.14 +00 22 48.78 21.61±0.14 19.56±0.12 18.59±0.06 17.43±0.04 16.80±0.05 16.16±0.04 15.79±0.04 15.59±0.11 L1.5 1.44 − −
02 39 30.43 +03 18 50.10 21.28±0.13 19.13±0.10 18.46±0.04 17.46±0.04 16.81±0.03 16.28±0.03 15.91±0.05 15.57±0.12 L0 5.12 − −
02 41 14.85 +04 20 47.43 20.99±0.08 18.93±0.06 18.09±0.03 16.99±0.02 16.23±0.03 15.72±0.03 15.53±0.04 15.13±0.09 L0.5 5.73 − −
02 46 10.23 +01 56 44.27 22.05±0.14 19.14±0.06 18.04±0.03 16.85±0.02 15.87±0.02 15.09±0.01 14.28±0.03 13.69±0.04 L8 10.62 − −
02 47 53.77 +03 12 03.53 21.38±0.10 19.59±0.09 18.56±0.05 17.36±0.03 16.45±0.03 15.80±0.02 15.44±0.04 15.17±0.10 L3 9.08 − −
02 48 44.73 +06 46 01.46 19.81±0.03 17.83±0.02 16.96±0.01 15.91±0.01 15.21±0.01 14.69±0.01 14.41±0.03 14.18±0.04 L0 2.39 − −
02 50 00.63 +03 09 32.52 20.67±0.06 18.61±0.04 17.75±0.03 16.73±0.02 16.07±0.02 15.50±0.02 15.18±0.03 14.90±0.07 L0.5 1.17 − −
02 50 30.03 +03 32 49.04 21.35±0.13 19.31±0.10 18.62±0.05 17.45±0.03 16.79±0.03 16.28±0.04 16.03±0.05 15.99±0.16 L0 5.65 − −
02 53 31.49 +02 38 51.31 20.51±0.05 18.47±0.03 17.52±0.02 16.51±0.01 15.90±0.01 15.38±0.02 15.03±0.03 14.88±0.07 L0 4.26 − −
02 55 04.84 +00 56 20.03 21.01±0.11 19.16±0.09 18.73±0.05 17.45±0.03 16.69±0.02 16.12±0.03 15.77±0.04 15.32±0.10 L1.5 30.63 − −
02 59 10.17 +06 24 20.52 20.46±0.07 18.54±0.06 17.68±0.02 16.63±0.01 16.04±0.02 15.41±0.02 15.22±0.04 14.88±0.07 L0 3.44 − −
03 00 27.77 +05 13 54.26 21.51±0.14 19.21±0.08 18.55±0.05 17.30±0.03 16.58±0.03 16.13±0.04 15.71±0.04 15.65±0.11 L1 10.26 − −
03 04 24.92 –00 20 57.89 21.04±0.08 19.13±0.08 18.17±0.03 17.10±0.03 16.49±0.02 15.89±0.02 15.65±0.04 15.22±0.08 L0.5 3.18 − −
03 07 49.37 +05 16 52.73 20.99±0.10 18.84±0.07 18.03±0.03 16.80±0.02 15.90±0.01 15.18±0.01 14.82±0.03 14.64±0.05 L3 10.29 − −
03 13 41.91 +04 42 59.37 21.04±0.11 19.39±0.09 18.32±0.03 17.12±0.02 16.31±0.02 15.67±0.02 15.30±0.04 15.08±0.07 L2.5 9.48 − −
03 14 51.72 +04 53 46.23 22.00±0.20 19.89±0.14 18.59±0.05 17.30±0.02 16.39±0.02 15.59±0.02 14.84±0.03 14.40±0.05 L6.5 6.43 − −
03 17 40.37 +06 13 03.39 20.60±0.07 18.49±0.05 17.48±0.02 16.34±0.01 15.65±0.01 14.99±0.01 14.69±0.03 14.50±0.06 L1.5 8.47 L3 12
03 20 47.32 +05 11 59.22 20.80±0.07 18.72±0.06 17.96±0.03 16.96±0.02 16.36±0.02 15.83±0.02 15.38±0.04 15.06±0.08 L0 9.86 − −
03 21 43.05 +05 45 24.36 22.08±0.27 19.58±0.12 18.56±0.05 17.33±0.03 16.61±0.02 15.97±0.02 15.42±0.04 15.14±0.09 L3 5.1 − −
03 22 54.08 +05 46 39.46 21.76±0.17 19.67±0.11 18.73±0.06 17.47±0.03 16.72±0.03 15.96±0.03 15.45±0.04 15.25±0.10 L3.5 1.66 − −
03 26 41.81 +04 47 15.73 21.26±0.09 19.40±0.09 18.72±0.05 17.45±0.03 16.54±0.03 15.86±0.02 15.49±0.04 15.30±0.10 L2.5 18.7 − −
03 27 10.69 +05 51 02.10 21.28±0.14 18.94±0.08 18.13±0.04 16.84±0.02 16.01±0.01 15.41±0.02 14.81±0.03 14.22±0.05 L4 18.52 − −
03 27 31.60 +05 08 44.77 18.86±0.02 17.49±0.03 16.57±0.01 15.33±0.01 14.58±0.01 13.94±0.00 − − L1: 97.97 − −
03 28 17.46 +00 32 57.46 20.20±0.04 18.33±0.03 17.31±0.02 15.94±0.01 15.01±0.01 14.20±0.01 13.66±0.03 13.32±0.03 L4.5 29.71 L3 8
03 30 35.31 –00 25 37.19 19.78±0.03 17.46±0.02 16.51±0.01 15.21±0.00 14.49±0.00 13.77±0.00 13.30±0.03 13.03±0.03 L3.5 12.64 L4 8
03 30 36.84 +04 26 57.73 21.58±0.16 19.32±0.10 18.62±0.04 17.29±0.02 16.44±0.02 15.75±0.02 15.21±0.04 14.82±0.07 L4 5.04 − −
03 30 44.79 +01 08 28.30 20.63±0.07 18.36±0.05 17.23±0.01 16.23±0.01 15.56±0.01 15.01±0.01 − − L1.5: 25.86 − −
03 32 02.88 +05 24 15.33 21.08±0.09 18.90±0.05 17.99±0.03 16.98±0.02 16.29±0.02 15.74±0.02 15.49±0.05 15.29±0.10 L0.5 5.13 − −
03 33 20.71 –00 20 05.78 21.30±0.11 19.13±0.08 18.44±0.03 17.41±0.02 16.79±0.02 16.19±0.03 15.91±0.06 15.62±0.14 L0 3.59 − −
03 35 36.16 +00 47 46.93 20.66±0.06 18.66±0.05 17.58±0.02 16.50±0.01 15.79±0.02 15.23±0.01 14.88±0.04 14.59±0.06 L1.5 5.85 M9 2
03 38 20.93 +04 38 00.57 21.28±0.13 19.46±0.13 18.53±0.04 17.50±0.03 16.93±0.03 16.30±0.03 − − L0: 2.32 − −
03 41 30.82 +04 25 42.78 21.36±0.22 18.93±0.11 18.56±0.04 17.37±0.02 16.74±0.02 16.10±0.03 15.82±0.05 15.55±0.13 L0.5 14.65 − −
03 41 50.22 +04 23 24.93 21.31±0.17 19.04±0.10 18.29±0.03 16.85±0.02 15.95±0.01 15.20±0.01 14.52±0.03 14.18±0.05 L5 6.96 − −
03 43 04.86 –00 06 04.01 20.93±0.07 18.74±0.05 17.73±0.02 16.60±0.01 15.84±0.01 15.19±0.01 14.59±0.03 14.23±0.05 L3 9.64 M9 2
03 43 53.69 +04 25 42.25 21.26±0.13 19.40±0.11 18.46±0.04 17.43±0.02 16.74±0.02 16.17±0.03 16.02±0.06 15.61±0.14 L0 3.66 − −
03 44 08.88 +01 11 23.92 18.75±0.02 16.71±0.01 15.70±0.01 14.55±0.00 13.95±0.00 13.45±0.00 13.10±0.02 12.78±0.03 L1 10.94 L0.5 2
03 46 01.04 –01 06 53.71 21.21±0.09 19.13±0.06 18.23±0.04 17.09±0.02 16.44±0.02 15.94±0.03 15.55±0.05 15.30±0.10 L1 2.33 − −
03 57 32.74 +01 00 51.46 21.01±0.09 18.77±0.05 17.79±0.02 16.82±0.01 16.16±0.02 15.48±0.01 15.08±0.04 14.63±0.06 L1.5 19.42 − −
04 01 22.27 +00 55 32.79 20.35±0.05 18.42±0.04 17.39±0.02 16.49±0.01 15.73±0.01 15.25±0.01 15.02±0.04 14.78±0.06 L0 9.59 − −
07 34 34.81 +27 42 09.75 20.84±0.09 18.99±0.07 18.02±0.02 16.92±0.01 16.29±0.02 15.71±0.02 − − L0.5: 2.11 − −
07 34 55.09 +26 41 25.09 20.85±0.06 18.90±0.06 17.99±0.02 17.01±0.01 16.37±0.03 15.89±0.03 15.53±0.05 15.14±0.09 L0 3.72 − −
07 35 48.87 +27 20 16.26 21.34±0.11 19.40±0.10 18.21±0.03 17.09±0.01 16.34±0.02 15.81±0.02 15.43±0.04 15.09±0.09 L2 9.01 L 11
07 37 46.50 +27 09 29.89 21.14±0.10 19.13±0.08 18.29±0.03 17.14±0.01 16.40±0.02 15.85±0.02 15.39±0.04 15.31±0.11 L1.5 3.55 − −
07 39 11.90 +27 09 53.24 20.62±0.08 18.78±0.07 18.09±0.02 16.92±0.01 16.11±0.02 15.51±0.02 15.23±0.04 15.06±0.09 L1 19.13 − −
07 39 25.86 +28 20 23.61 21.19±0.09 19.17±0.07 18.25±0.03 17.33±0.02 16.67±0.02 16.14±0.02 15.64±0.05 15.56±0.12 L0 9.25 − −
07 40 27.51 +27 45 50.33 20.79±0.08 18.92±0.07 18.60±0.04 17.18±0.02 16.55±0.03 15.95±0.03 15.79±0.07 15.35±0.13 L0 54.93 − −
07 41 04.39 +23 16 37.64 19.96±0.03 18.03±0.02 17.10±0.01 16.04±0.01 15.32±0.01 14.70±0.01 − − L1: 2.49 − −
07 41 51.18 +27 58 37.70 21.17±0.12 19.24±0.09 18.36±0.03 17.38±0.02 16.71±0.03 16.16±0.03 15.88±0.05 15.53±0.13 L0 1.28 BD candidate −
07 44 28.62 +24 02 52.16 20.51±0.05 18.36±0.03 17.60±0.02 16.53±0.01 15.81±0.02 15.22±0.02 14.90±0.03 14.80±0.07 L0.5 7.73 L1 2
07 44 41.66 +20 59 21.76 21.50±0.15 19.31±0.09 18.42±0.04 17.41±0.02 16.73±0.03 16.11±0.02 15.93±0.06 15.71±0.15 L0.5 4.01 − −
07 45 15.08 +25 46 18.93 20.37±0.05 18.31±0.04 17.52±0.01 16.45±0.01 15.78±0.01 15.24±0.01 14.93±0.04 14.78±0.07 L0 2.89 − −
07 45 41.40 +23 41 57.36 21.65±0.13 19.74±0.10 18.82±0.06 17.49±0.02 16.74±0.04 16.08±0.03 15.51±0.04 15.47±0.11 L3 5.88 L0 13
07 48 05.11 +27 01 17.54 20.72±0.08 18.80±0.06 17.98±0.02 16.91±0.01 16.17±0.02 15.69±0.02 15.43±0.04 15.15±0.09 L0 4.03 − −
07 49 12.68 +20 05 58.88 21.29±0.14 19.12±0.08 18.16±0.03 16.97±0.01 16.25±0.02 15.62±0.02 15.32±0.04 15.01±0.09 L2 3.50 − −
07 49 21.96 +25 03 06.96 19.66±0.03 17.64±0.02 16.75±0.01 15.80±0.00 15.14±0.01 14.59±0.01 14.24±0.03 14.00±0.05 L0 2.66 − −
07 50 21.21 +24 58 14.30 20.89±0.08 18.65±0.05 17.84±0.02 16.68±0.01 15.95±0.02 15.33±0.02 14.97±0.03 14.64±0.06 L2 4.02 − −
07 52 14.49 +29 03 04.98 21.75±0.20 19.65±0.13 18.63±0.04 17.36±0.02 16.72±0.03 16.18±0.03 15.83±0.05 15.48±0.12 L1.5 6.11 − −
07 53 32.09 +29 17 10.86 19.61±0.03 17.60±0.03 16.65±0.01 15.39±0.00 14.54±0.00 13.80±0.00 13.33±0.03 13.01±0.03 L3.5 4.65 L2 16
07 55 05.78 +21 16 48.65 20.34±0.07 18.43±0.05 17.35±0.02 16.22±0.01 15.53±0.01 14.92±0.01 14.61±0.03 14.39±0.05 L1.5 6.84 L2 2
07 55 15.20 +29 34 44.98 20.90±0.09 18.86±0.06 18.02±0.02 16.81±0.02 16.09±0.02 15.41±0.02 15.13±0.04 14.94±0.09 L2 4.88 L3.5 1
07 56 00.40 +29 24 29.22 21.20±0.09 19.40±0.08 18.48±0.03 17.47±0.03 16.80±0.03 16.22±0.03 15.96±0.06 15.94±0.17 L0 5.12 − −
07 56 17.72 +29 36 11.57 20.73±0.07 18.75±0.05 17.84±0.02 16.78±0.01 16.14±0.02 15.60±0.02 15.32±0.04 14.87±0.07 L0.5 3.27 L3.5 17
07 56 56.42 +23 14 56.41 22.54±0.32 19.20±0.07 18.16±0.03 16.96±0.01 15.82±0.02 14.99±0.01 14.20±0.03 13.85±0.04 L7 21.12 − −
07 57 11.76 +22 40 58.68 20.18±0.04 18.08±0.04 17.26±0.02 16.12±0.01 15.44±0.01 14.91±0.01 14.59±0.03 14.32±0.05 L1 2.31 BD candidate −
07 57 54.17 +22 16 04.95 21.09±0.09 18.87±0.06 18.12±0.03 16.88±0.01 16.04±0.01 15.34±0.01 14.96±0.04 14.61±0.06 L3 5.14 L1 2
07 59 10.43 +24 27 11.28 19.67±0.03 17.58±0.02 16.77±0.01 15.72±0.00 15.04±0.01 14.52±0.01 14.23±0.03 14.01±0.04 L0 2.32 L0 13
08 00 12.75 +20 13 47.56 20.06±0.04 18.06±0.03 17.12±0.01 16.00±0.01 15.36±0.01 14.79±0.01 − − L1: 1.13 L1 2
08 00 46.26 +21 19 19.06 20.95±0.08 18.91±0.07 18.22±0.03 17.14±0.02 16.47±0.02 15.92±0.02 15.65±0.05 15.16±0.11 L0 7.37 − −
08 01 18.97 +28 58 00.79 21.94±0.24 19.62±0.12 18.66±0.04 17.37±0.02 16.63±0.03 15.96±0.02 15.42±0.04 15.10±0.08 L3.5 2.99 − −
08 02 02.87 +25 27 19.11 20.95±0.08 18.81±0.06 17.91±0.02 16.63±0.01 15.94±0.02 15.25±0.02 14.78±0.03 14.39±0.06 L3 3.15 L3.5 18
08 04 14.46 +25 47 37.00 20.79±0.09 18.85±0.09 18.24±0.02 17.10±0.01 16.39±0.03 15.79±0.03 15.68±0.05 15.28±0.1 L0 15.31 L2 2
08 04 19.95 +22 17 20.51 20.46±0.06 18.58±0.06 17.73±0.02 16.51±0.01 15.85±0.01 15.20±0.01 14.90±0.04 14.63±0.06 L1.5 5 − −
08 05 52.86 +20 42 49.67 21.40±0.10 19.47±0.10 18.66±0.04 17.35±0.02 16.55±0.03 15.96±0.03 15.54±0.04 15.55±0.12 L2.5 10.22 − −
08 09 10.65 +23 15 15.79 22.14±0.29 19.73±0.16 18.53±0.04 17.18±0.01 16.40±0.02 15.70±0.02 − − L4.5: 6.88 − −
08 11 35.61 +28 41 57.59 22.21±0.28 19.36±0.10 18.62±0.05 17.42±0.03 16.85±0.03 16.37±0.03 15.89±0.05 15.59±0.13 L0.5 13.77 − −
08 12 03.42 +25 15 31.94 21.27±0.12 19.45±0.14 18.49±0.03 17.34±0.01 16.71±0.03 16.05±0.03 15.76±0.05 15.80±0.16 L1 5.49 − −
08 12 29.66 +25 33 41.54 21.12±0.10 19.27±0.10 18.73±0.04 17.48±0.02 16.71±0.03 16.10±0.04 15.71±0.05 15.36±0.1 L1.5 24.29 − −
08 13 03.94 +24 33 55.78 20.86±0.07 18.90±0.06 17.76±0.02 16.58±0.01 15.82±0.02 15.17±0.01 − − L3: 5.93 − −
08 13 04.57 +23 49 06.23 20.50±0.07 18.70±0.07 17.70±0.02 16.74±0.01 16.14±0.02 15.60±0.02 14.96±0.04 14.73±0.07 L0.5 30.75 BD candidate −
08 14 09.08 +28 19 08.86 21.28±0.14 19.21±0.09 18.42±0.04 17.31±0.02 16.59±0.02 16.03±0.02 15.76±0.05 15.42±0.10 L1 1.74 BD candidate −
08 14 09.45 +26 02 50.55 21.51±0.15 19.17±0.09 18.41±0.03 17.24±0.02 16.52±0.03 15.95±0.03 15.60±0.05 15.49±0.12 L1.5 5.34 BD candidate −
08 17 24.20 +07 42 44.95 21.31±0.09 19.36±0.08 18.51±0.03 17.39±0.02 16.58±0.02 15.89±0.02 15.46±0.04 15.03±0.08 L2.5 9.17 − −
08 19 46.90 +24 31 20.91 21.39±0.16 19.32±0.10 18.54±0.04 17.41±0.02 16.70±0.04 16.09±0.03 15.94±0.06 15.47±0.13 L1 5.03 − −
08 20 07.34 +26 32 28.89 21.02±0.10 18.98±0.07 18.15±0.03 17.04±0.01 16.49±0.04 15.88±0.03 15.59±0.05 15.20±0.09 L0.5 2.92 L2.5 18
08 20 59.27 +28 06 47.90 20.82±0.08 18.72±0.06 17.87±0.02 16.72±0.02 16.06±0.01 15.47±0.01 15.12±0.04 14.86±0.07 L1 1.01 BD candidate −
08 21 37.22 +02 12 45.32 21.10±0.12 19.22±0.10 18.37±0.04 17.29±0.02 16.72±0.03 16.16±0.03 15.77±0.04 15.64±0.16 L0 3.25 − −
08 22 15.22 +24 56 19.69 21.12±0.10 19.04±0.08 18.16±0.03 17.05±0.01 16.49±0.03 15.94±0.03 15.70±0.05 15.67±0.14 L0 6.89 − −
08 22 35.49 +04 42 03.95 21.40±0.11 18.96±0.06 18.11±0.03 16.86±0.01 16.24±0.02 15.53±0.02 15.08±0.04 14.76±0.09 L2.5 10.37 − −
08 23 03.15 +02 40 42.75 20.14±0.04 18.09±0.03 17.19±0.01 16.24±0.01 15.64±0.01 15.11±0.01 14.67±0.03 14.45±0.06 L0 7.29 M9 2
08 23 48.07 +24 28 58.19 19.25±0.02 17.30±0.02 16.29±0.01 14.99±0.00 14.08±0.00 13.31±0.00 12.81±0.02 12.50±0.03 L4 16.08 L3 6
08 24 28.08 +05 57 42.50 22.11±0.19 19.64±0.10 18.72±0.06 17.49±0.03 16.89±0.03 16.26±0.03 15.92±0.05 15.74±0.19 L1.5 8.09 − −
08 25 07.48 +07 09 50.93 20.69±0.06 18.71±0.06 17.96±0.03 16.77±0.01 16.02±0.01 15.42±0.01 15.04±0.04 14.73±0.10 L1.5 6.02 − −
08 25 21.02 +26 49 13.19 21.31±0.14 19.28±0.10 18.57±0.04 17.47±0.02 16.77±0.05 16.22±0.04 16.02±0.05 15.86±0.15 L0 4.42 L1 2
08 25 43.34 –00 29 11.15 19.41±0.02 17.34±0.02 16.45±0.01 15.36±0.01 14.64±0.01 14.01±0.01 13.55±0.03 13.24±0.03 L2 5.34 − −
08 26 11.18 +27 30 35.75 20.37±0.05 18.38±0.04 17.49±0.02 16.44±0.01 15.81±0.02 15.28±0.02 15.00±0.04 14.73±0.06 L0 0.42 − −
08 27 04.15 +03 27 58.94 21.19±0.13 19.43±0.10 18.58±0.04 17.34±0.03 16.66±0.03 15.94±0.03 15.49±0.04 15.08±0.09 L2.5 9.98 − −
08 28 19.17 +00 23 02.89 21.39±0.12 19.55±0.11 18.53±0.04 17.47±0.03 16.87±0.03 16.23±0.04 16.07±0.06 15.81±0.14 L0 4.26 − −
08 29 26.77 +27 07 46.19 21.11±0.11 19.05±0.08 18.08±0.04 16.99±0.02 16.24±0.03 15.76±0.02 15.41±0.04 15.22±0.10 L1 4.34 L6.5 9
08 29 45.67 +09 17 53.28 19.92±0.03 17.86±0.02 16.97±0.02 15.90±0.01 15.19±0.01 14.55±0.01 14.17±0.03 13.87±0.04 L1.5 2.39 − −
08 29 57.01 +26 55 09.46 21.77±0.22 18.98±0.08 18.33±0.03 16.84±0.01 15.75±0.02 14.82±0.01 13.90±0.03 13.43±0.04 L7 100.94 M9 2
08 30 23.26 +23 55 38.27 22.72±0.43 19.47±0.12 18.74±0.04 17.44±0.02 16.29±0.03 15.51±0.02 − − L7: 13.94 − −
08 31 40.06 +04 58 37.51 21.38±0.13 19.57±0.11 18.64±0.04 17.49±0.02 16.84±0.03 16.26±0.03 15.87±0.05 15.76±0.14 L1 2.64 L0 2
08 31 52.30 +00 55 14.04 19.75±0.04 17.88±0.04 17.08±0.01 15.99±0.01 15.34±0.01 14.78±0.01 14.44±0.03 14.19±0.05 L0 7 − −
08 32 16.45 +02 02 36.12 21.09±0.15 19.01±0.11 18.69±0.05 17.42±0.03 16.61±0.02 16.13±0.03 − − L1: 24.74 − −
08 33 21.04 +03 45 06.16 20.46±0.04 18.48±0.04 17.56±0.02 16.61±0.01 15.99±0.02 15.41±0.02 15.06±0.04 14.93±0.07 L0 4.4 − −
08 33 33.34 +05 24 22.80 20.84±0.11 18.88±0.08 17.98±0.03 16.97±0.02 16.25±0.03 15.66±0.02 15.52±0.04 15.22±0.10 L0 5.14 − −
08 33 38.75 +06 51 58.69 21.27±0.09 19.32±0.07 18.38±0.03 17.36±0.02 16.70±0.02 16.13±0.03 15.37±0.04 15.29±0.10 L1.5 28.77 − −
08 33 47.26 +25 12 14.44 21.05±0.09 19.06±0.08 18.21±0.02 17.17±0.01 16.46±0.03 15.95±0.03 15.63±0.05 15.34±0.11 L0.5 1.17 − −
08 34 26.58 +03 05 58.01 19.69±0.03 17.63±0.02 16.71±0.01 15.65±0.01 15.05±0.01 14.56±0.01 14.08±0.03 13.88±0.04 L0.5 7.19 M9 2
08 34 30.47 +05 22 34.58 21.31±0.14 19.46±0.13 18.34±0.03 17.31±0.02 16.63±0.03 16.08±0.03 15.77±0.05 15.59±0.13 L0.5 3.47 − −
08 35 01.71 +27 07 48.84 20.93±0.08 18.96±0.07 18.00±0.04 17.00±0.02 16.28±0.02 15.74±0.02 15.66±0.05 15.68±0.16 L0 14.26 L3 9
08 35 58.24 +05 48 30.69 18.71±0.02 16.69±0.01 15.71±0.01 14.50±0.00 13.76±0.00 13.13±0.00 12.70±0.02 12.42±0.02 L2.5 1.63 − −
08 36 33.72 –01 18 29.60 20.54±0.07 18.65±0.06 17.65±0.02 16.55±0.02 15.88±0.02 15.35±0.02 15.01±0.04 14.89±0.07 L0.5 5.41 − −
08 36 46.32 +05 26 42.66 18.39±0.01 16.45±0.01 15.51±0.01 14.55±0.00 13.84±0.00 13.31±0.00 13.06±0.02 12.83±0.03 L0 4 − −
08 36 47.73 +04 43 48.36 21.42±0.11 19.55±0.08 18.56±0.04 17.25±0.02 16.32±0.03 15.57±0.02 15.17±0.04 14.79±0.06 L4 10.52 L0 13
08 37 24.74 +08 16 03.63 19.70±0.04 17.70±0.03 17.01±0.01 15.96±0.01 15.31±0.01 14.69±0.01 14.38±0.03 14.08±0.04 L0 12.53 L0 13
08 38 01.12 +06 39 15.84 20.43±0.05 18.41±0.04 17.62±0.02 16.59±0.01 15.89±0.01 15.30±0.01 15.00±0.03 14.83±0.07 L0.5 5.11 − −
08 38 16.38 +04 10 46.02 20.65±0.07 18.69±0.06 17.67±0.02 16.64±0.01 16.00±0.02 15.44±0.02 15.23±0.04 15.01±0.08 L0 5.95 L1 2
08 38 25.08 +06 48 38.89 21.04±0.11 19.00±0.09 18.05±0.03 16.72±0.01 15.87±0.01 15.12±0.02 14.61±0.03 14.34±0.05 L4 2.77 − −
08 38 44.82 +00 58 03.35 20.84±0.09 18.69±0.06 17.74±0.03 16.67±0.01 16.04±0.01 15.42±0.02 15.17±0.04 15.02±0.08 L0.5 6.97 M9.5 2
08 39 45.33 +27 46 13.08 20.91±0.08 18.99±0.07 18.19±0.04 17.15±0.01 16.39±0.03 15.88±0.03 15.58±0.05 15.36±0.12 L0.5 5.1 − −
08 41 43.75 +26 10 28.98 20.26±0.04 18.24±0.04 17.32±0.02 16.37±0.01 15.74±0.01 15.23±0.01 14.74±0.03 14.46±0.06 L0 11.31 M9.5 2
08 42 20.87 +09 35 10.87 19.88±0.04 17.74±0.02 17.02±0.02 15.90±0.01 15.16±0.01 14.56±0.01 14.22±0.03 13.93±0.04 L1 7.68 L0 2
08 42 28.88 +07 46 26.60 20.50±0.05 18.52±0.04 17.61±0.02 16.62±0.01 15.96±0.01 15.39±0.01 15.14±0.04 14.91±0.07 L0 1.38 L1.5 2
08 43 06.59 +02 51 48.20 20.18±0.05 18.12±0.04 17.28±0.01 16.25±0.01 15.60±0.01 15.02±0.01 14.77±0.03 14.41±0.05 L0 2.23 M9 13
08 43 25.52 +29 04 38.42 23.72±0.64 19.65±0.11 18.46±0.03 17.21±0.02 16.25±0.02 15.52±0.02 14.68±0.03 14.25±0.06 L7.5 6.3 L2 2
08 43 33.30 +10 24 42.98 18.94±0.01 16.92±0.01 15.99±0.01 14.78±0.00 14.10±0.00 13.55±0.00 13.17±0.02 12.93±0.03 L1.5 3.68 − −
08 44 07.02 +28 47 01.60 19.79±0.04 17.72±0.03 16.97±0.01 15.76±0.00 14.98±0.01 14.33±0.01 13.92±0.03 13.66±0.04 L2 6.28 L2 2
08 45 11.61 +27 14 34.53 21.84±0.32 19.04±0.11 18.71±0.05 17.35±0.02 16.42±0.03 15.75±0.02 15.32±0.04 14.87±0.11 L3.5 23.35 − −
08 45 37.80 +29 31 36.98 21.13±0.10 18.89±0.06 18.07±0.02 16.75±0.01 15.97±0.02 15.31±0.02 14.79±0.03 14.49±0.07 L3.5 2.61 BD candidate −
08 46 10.74 +03 08 37.29 19.92±0.04 17.86±0.03 16.95±0.01 15.92±0.01 15.29±0.01 14.76±0.01 14.42±0.03 14.18±0.05 L0 2.93 L0 2
08 47 29.56 +08 14 23.62 21.44±0.10 19.31±0.09 18.42±0.03 17.34±0.02 16.62±0.02 16.03±0.02 15.84±0.05 15.51±0.12 L1 4.2 L3 12
08 47 51.47 +01 38 10.95 20.53±0.08 18.32±0.06 17.38±0.02 16.09±0.01 15.22±0.01 14.45±0.01 13.93±0.03 13.60±0.03 L4.5 2.29 − −
08 48 44.42 –01 08 39.41 21.79±0.28 18.95±0.10 18.45±0.05 17.11±0.02 16.26±0.02 15.57±0.02 15.02±0.04 14.67±0.06 L4 13.34 − −
08 49 16.37 –01 19 14.11 20.70±0.06 18.60±0.05 17.72±0.03 16.59±0.02 16.00±0.02 15.46±0.02 15.20±0.04 15.15±0.08 L0 11.2 − −
08 49 28.70 +04 06 57.13 21.09±0.16 18.89±0.09 18.47±0.03 17.31±0.02 16.64±0.03 16.02±0.03 15.62±0.04 15.25±0.09 L1 19.96 − −
08 49 37.09 +27 39 26.80 20.50±0.06 18.43±0.04 17.57±0.02 16.37±0.01 15.63±0.01 15.02±0.01 14.62±0.03 14.39±0.06 L2 0.77 − −
08 50 04.90 +25 49 35.58 21.57±0.16 19.44±0.09 18.45±0.04 17.44±0.02 16.75±0.03 16.17±0.03 15.97±0.06 15.53±0.13 L0.5 4.42 − −
08 50 24.27 +07 29 03.24 21.60±0.18 19.74±0.17 18.75±0.05 17.42±0.02 16.72±0.02 16.00±0.02 15.78±0.05 15.64±0.13 L2 11.83 − −
08 51 05.24 +04 09 12.32 22.06±0.35 19.21±0.11 18.62±0.04 17.45±0.02 16.76±0.03 16.19±0.03 15.94±0.06 15.73±0.15 L1 9.47 − −
08 53 00.44 +10 15 41.77 21.23±0.10 19.32±0.07 18.41±0.03 17.29±0.02 16.64±0.02 16.04±0.02 15.95±0.05 15.59±0.12 L0.5 7.39 − −
08 55 50.04 –00 19 19.16 20.67±0.06 18.65±0.05 17.77±0.02 16.8±0.02 16.14±0.01 15.56±0.02 − − L0: 1.22 − −
08 56 38.20 +10 19 19.06 20.54±0.05 18.65±0.05 17.85±0.03 16.76±0.02 16.10±0.01 15.48±0.01 15.23±0.04 14.98±0.08 L0.5 6.57 − −
08 56 42.90 +06 55 23.40 21.17±0.11 19.16±0.08 18.33±0.04 17.30±0.02 16.55±0.03 15.99±0.02 15.68±0.05 15.59±0.14 L0.5 3.75 − −
08 57 01.64 +02 38 03.57 20.75±0.07 18.65±0.05 17.67±0.03 16.49±0.01 15.77±0.01 15.12±0.01 14.69±0.03 14.46±0.05 L2.5 2.25 L2 2
08 57 12.81 +30 11 03.36 21.40±0.11 19.43±0.11 18.32±0.03 17.29±0.02 16.61±0.03 15.99±0.03 15.77±0.05 15.68±0.15 L1 8.04 − −
08 58 19.65 +06 43 39.68 21.37±0.15 19.31±0.14 18.50±0.04 17.31±0.02 16.57±0.03 15.94±0.02 15.62±0.05 15.24±0.09 L2 1.55 − −
08 58 29.14 +01 19 07.51 21.03±0.10 18.90±0.09 18.02±0.03 16.87±0.02 16.30±0.01 15.66±0.02 15.48±0.04 15.10±0.08 L0.5 5.35 − −
08 58 37.01 +27 10 49.98 19.03±0.02 17.08±0.01 16.11±0.01 15.01±0.00 14.26±0.00 13.59±0.00 13.13±0.02 12.84±0.03 L2 7.33 − −
08 58 40.68 +02 17 34.64 20.89±0.09 19.13±0.08 18.24±0.04 17.08±0.02 16.50±0.02 15.90±0.02 15.60±0.05 15.54±0.12 L0.5 7.97 − −
08 59 59.78 +29 22 04.60 19.86±0.03 17.82±0.03 16.87±0.01 15.76±0.01 15.10±0.01 14.53±0.01 14.28±0.03 14.05±0.04 L1 6.96 L0 13
09 00 06.46 +27 40 03.23 21.01±0.10 19.07±0.08 18.22±0.02 17.08±0.02 16.43±0.03 15.91±0.03 15.44±0.04 15.45±0.11 L1 7.04 − −
09 03 00.90 +05 16 13.75 19.95±0.04 17.91±0.03 17.05±0.01 15.90±0.01 15.15±0.01 14.56±0.01 14.22±0.03 13.97±0.04 L1.5 1.1 L3 12
09 03 15.81 +00 20 22.91 21.01±0.08 18.89±0.06 18.19±0.03 17.11±0.02 16.46±0.02 15.91±0.02 15.62±0.04 15.23±0.09 L0 4.01 L0.5 2
09 03 47.55 +01 14 46.03 20.47±0.05 18.58±0.04 17.58±0.02 16.38±0.02 15.59±0.01 14.96±0.01 14.57±0.03 14.27±0.05 L2.5 4.32 − −
09 08 10.04 –02 05 49.55 21.21±0.15 19.05±0.11 18.36±0.04 17.29±0.03 16.60±0.02 15.96±0.03 15.77±0.05 15.28±0.09 L0.5 7.28 − −
09 11 30.68 +28 59 08.61 20.26±0.06 18.17±0.03 17.49±0.02 16.46±0.01 15.74±0.02 15.18±0.02 14.90±0.03 14.66±0.06 L0 8.06 L0 2
09 12 01.99 +06 05 27.11 19.95±0.05 18.06±0.04 17.28±0.01 16.28±0.01 15.61±0.02 15.01±0.01 14.57±0.03 14.27±0.05 L0.5 20.76 M8.5 2
09 12 10.77 +10 11 26.68 20.72±0.07 18.68±0.05 17.78±0.03 16.80±0.01 16.17±0.02 15.61±0.02 − − L0: 0.84 − −
09 12 52.17 –00 08 23.46 21.13±0.09 19.11±0.09 18.38±0.04 17.33±0.03 16.71±0.02 16.15±0.03 15.80±0.05 15.62±0.12 L0 2.98 − −
09 15 56.48 +05 14 20.97 20.22±0.04 18.19±0.04 17.29±0.01 16.03±0.01 15.22±0.01 14.50±0.01 14.12±0.03 13.87±0.04 L3 4.59 L3 2
09 17 14.76 +31 48 24.92 20.50±0.04 18.33±0.03 17.44±0.02 16.36±0.01 15.67±0.01 15.09±0.01 14.78±0.03 14.49±0.06 L1 4.77 L0 13
09 17 50.32 +29 44 44.86 19.84±0.04 17.74±0.02 16.84±0.01 15.74±0.01 15.05±0.01 14.46±0.01 14.10±0.03 13.82±0.04 L1.5 2.3 L1 12
09 18 02.40 +30 17 52.13 21.21±0.10 19.09±0.08 18.24±0.04 17.16±0.02 16.42±0.02 15.81±0.02 15.39±0.04 15.18±0.09 L1.5 2.38 − −
09 18 53.50 +04 43 01.61 21.56±0.18 19.00±0.07 18.34±0.03 17.30±0.03 16.57±0.03 16.01±0.03 15.50±0.04 15.15±0.09 L1.5 18.21 − −
09 19 37.41 –00 01 08.23 21.01±0.16 19.09±0.14 18.53±0.04 17.30±0.02 16.56±0.02 15.90±0.02 15.59±0.05 15.35±0.10 L1.5 11.24 − −
09 20 50.03 +11 06 12.47 20.83±0.09 18.79±0.07 18.11±0.04 17.08±0.02 16.43±0.02 15.87±0.02 15.53±0.05 15.20±0.09 L0 6.59 − −
09 21 01.20 –00 20 19.11 20.98±0.08 19.02±0.07 18.22±0.03 17.14±0.02 16.35±0.02 15.76±0.02 − − L1: 5.27 − −
09 21 13.30 +05 30 52.44 20.84±0.08 18.73±0.06 17.99±0.03 16.85±0.02 16.22±0.03 15.71±0.02 15.43±0.04 15.25±0.09 L0 3.81 M9.5 2
09 22 11.60 +07 00 25.73 20.52±0.07 18.56±0.06 17.65±0.03 16.63±0.01 15.91±0.01 15.37±0.01 14.92±0.04 14.60±0.06 L1 6.49 M9.5 2
09 23 04.34 +07 39 49.27 21.33±0.14 19.25±0.09 18.33±0.04 17.27±0.02 16.65±0.03 16.13±0.03 − − L0: 1.35 − −
09 24 32.34 +01 49 46.27 20.82±0.09 18.59±0.07 17.78±0.03 16.60±0.01 15.89±0.01 15.24±0.01 14.94±0.03 14.63±0.06 L1.5 4.06 L0 2
09 24 36.07 –02 15 26.80 19.69±0.05 17.68±0.03 16.82±0.01 15.80±0.01 15.16±0.01 14.60±0.01 14.35±0.03 14.10±0.05 L0 1 L2.5 2
09 29 09.56 –00 29 42.89 21.31±0.14 19.25±0.09 18.39±0.03 17.05±0.02 16.20±0.02 15.48±0.02 15.05±0.04 14.71±0.06 L3.5 4.14 − −
09 29 11.78 +34 05 20.98 20.94±0.06 18.90±0.05 18.11±0.03 17.12±0.02 16.42±0.02 15.90±0.02 15.52±0.04 15.31±0.09 L0 3.6 − −
09 29 33.47 +34 29 51.96 22.03±0.16 19.12±0.05 17.96±0.03 16.75±0.01 15.67±0.01 14.78±0.01 13.87±0.03 13.32±0.03 L7 77.53 L8 19
09 30 25.56 +09 48 33.14 21.73±0.21 19.70±0.16 18.64±0.05 17.48±0.03 16.71±0.03 16.18±0.02 15.73±0.05 15.74±0.15 L2 5.92 − −
09 30 49.53 +01 09 14.29 21.07±0.12 18.98±0.09 18.30±0.04 17.10±0.02 16.42±0.02 15.80±0.02 15.56±0.05 15.51±0.11 L1 8.88 − −
09 32 15.47 +34 56 24.67 20.24±0.04 18.27±0.03 17.38±0.02 16.34±0.01 15.68±0.01 15.10±0.01 14.81±0.03 14.59±0.06 L0.5 1.49 − −
09 32 28.11 +02 30 15.77 20.95±0.10 18.89±0.06 17.90±0.03 16.69±0.02 15.96±0.02 15.29±0.01 14.95±0.04 14.77±0.07 L2 5.98 L2 2
09 33 07.09 –01 27 13.43 20.88±0.10 19.05±0.10 18.03±0.03 16.74±0.01 15.95±0.02 15.23±0.02 14.78±0.03 14.44±0.05 L3.5 5.25 − −
09 33 11.18 –02 12 14.50 19.33±0.02 17.23±0.02 16.39±0.01 15.27±0.00 14.62±0.01 14.03±0.01 13.74±0.03 13.44±0.03 L1 2.11 L0.5 2
09 33 20.80 +32 30 25.37 20.76±0.06 18.64±0.04 17.72±0.02 16.40±0.01 15.52±0.01 14.71±0.01 14.13±0.03 13.76±0.04 L4.5 7.09 − −
09 33 36.28 +33 37 01.53 21.25±0.08 19.10±0.05 18.42±0.04 17.18±0.02 16.52±0.02 15.85±0.02 15.38±0.04 15.28±0.09 L2 9.68 − −
09 34 07.59 +30 59 30.64 21.19±0.11 19.45±0.10 18.42±0.03 17.45±0.02 16.76±0.03 16.22±0.03 15.96±0.06 15.57±0.12 L0 4.6 − −
09 35 12.61 +01 23 47.45 21.99±0.37 19.58±0.18 18.51±0.04 17.35±0.02 16.60±0.03 16.06±0.03 15.34±0.04 15.02±0.08 L3 13.81 − −
09 35 32.52 +09 03 56.43 20.40±0.07 18.39±0.06 17.58±0.02 16.56±0.01 15.93±0.01 15.31±0.01 15.00±0.04 14.80±0.06 L0 2.89 L0 2
09 36 21.87 +06 29 39.13 19.89±0.09 18.11±0.07 17.62±0.02 16.45±0.01 15.76±0.01 15.15±0.01 14.81±0.03 14.53±0.06 L0.5 40.44 L0 2
09 36 30.49 –00 53 06.27 19.08±0.02 17.05±0.02 16.16±0.01 15.16±0.01 14.55±0.01 14.02±0.01 13.74±0.03 13.46±0.03 L0 1.6 − −
09 36 33.89 +06 14 57.49 18.38±0.01 16.46±0.01 15.50±0.00 14.52±0.00 13.90±0.00 13.35±0.00 13.08±0.02 12.79±0.03 L0 3 M.T52 20
09 37 09.68 +02 25 49.63 21.07±0.15 19.19±0.12 18.63±0.05 17.24±0.02 16.35±0.02 15.65±0.02 15.20±0.04 15.08±0.08 L3 21.63 − −
09 37 52.73 +31 05 22.55 19.78±0.03 17.88±0.03 17.04±0.01 16.03±0.01 15.35±0.01 14.79±0.01 14.52±0.03 14.27±0.04 L0 4.22 M9 13
09 38 13.85 –00 03 39.56 21.29±0.11 19.25±0.10 18.40±0.04 17.24±0.02 16.52±0.02 15.95±0.03 15.63±0.05 15.40±0.09 L1 1.95 − −
09 38 25.79 +10 51 57.59 21.00±0.07 18.99±0.06 18.05±0.02 17.06±0.01 16.32±0.03 15.80±0.02 15.51±0.05 15.28±0.10 L0.5 2.49 − −
09 39 06.44 +34 12 56.87 19.39±0.02 17.32±0.02 16.49±0.01 15.50±0.00 14.88±0.01 14.31±0.01 14.05±0.03 13.63±0.04 L0 5.61 − −
09 39 30.75 +06 53 09.83 21.23±0.14 18.96±0.08 18.08±0.03 16.79±0.01 15.86±0.01 15.16±0.01 14.54±0.03 14.32±0.05 L4.5 2.07 L0 13
09 40 06.54 +02 10 51.18 21.79±0.26 − 18.58±0.05 17.47±0.03 16.87±0.04 16.23±0.03 15.99±0.06 15.97±0.18 L0.5 5.01 − −
09 41 24.47 +01 26 59.63 20.48±0.07 18.61±0.06 17.65±0.02 16.62±0.01 15.97±0.02 15.46±0.02 14.93±0.03 14.71±0.06 L0.5 10.93 − −
09 41 34.90 +10 09 41.06 18.41±0.01 16.46±0.01 15.55±0.01 14.51±0.00 13.90±0.00 13.36±0.00 13.09±0.02 12.81±0.03 L0 1.19 L0 13
09 43 40.52 +06 14 26.13 21.17±0.10 19.26±0.08 18.29±0.04 17.23±0.02 16.44±0.02 15.77±0.02 15.37±0.04 15.16±0.10 L2 4.18 − −
09 44 02.82 +31 31 32.28 19.73±0.03 17.66±0.02 16.77±0.01 15.50±0.00 14.71±0.00 14.04±0.00 13.60±0.03 13.26±0.03 L3 1.09 − −
09 44 03.46 +05 07 54.86 20.90±0.08 18.74±0.05 17.86±0.02 16.74±0.02 16.11±0.02 15.55±0.02 15.06±0.04 14.62±0.06 L1.5 11.94 L2 5
09 44 19.56 +32 16 05.25 21.97±0.23 19.33±0.10 18.61±0.04 17.19±0.02 16.08±0.01 15.15±0.01 14.24±0.03 13.69±0.03 L7 101.69 − −
09 45 10.06 +11 22 38.85 21.44±0.11 19.32±0.08 18.43±0.03 17.38±0.01 16.65±0.03 16.09±0.02 15.74±0.05 15.57±0.13 L1 1.69 − −
09 45 22.12 +33 11 00.31 21.04±0.10 19.02±0.08 18.16±0.03 17.04±0.02 16.45±0.02 15.97±0.02 15.64±0.05 15.50±0.12 L0 3.54 − −
09 47 50.56 +06 17 12.64 18.30±0.01 16.29±0.01 15.39±0.00 14.39±0.00 13.73±0.00 13.16±0.00 12.90±0.02 12.66±0.03 L0 1.46 − −
09 47 56.68 –01 14 35.88 21.56±0.15 19.63±0.12 18.57±0.06 17.40±0.03 16.72±0.03 16.04±0.03 15.71±0.05 15.33±0.10 L2 2.29 M9 13
09 47 57.36 –00 45 01.80 20.84±0.08 18.77±0.05 17.92±0.03 16.88±0.02 16.27±0.02 15.67±0.02 15.35±0.04 15.02±0.08 L0.5 2.18 M9 13
09 49 15.24 +09 06 19.03 21.34±0.16 19.22±0.10 18.02±0.03 16.97±0.01 16.30±0.02 15.69±0.02 15.24±0.04 15.03±0.09 L1.5 10.74 L1 2
09 49 26.30 +12 03 04.57 21.20±0.11 19.12±0.09 18.33±0.03 17.10±0.02 16.38±0.02 15.85±0.02 15.52±0.05 15.39±0.11 L1.5 5.46 − −
09 49 36.27 –00 15 28.87 19.80±0.03 17.67±0.02 16.80±0.01 15.71±0.01 15.07±0.01 14.54±0.01 14.23±0.03 13.97±0.04 L0.5 3.59 − −
09 49 42.70 +07 51 14.75 21.24±0.14 19.30±0.10 18.31±0.03 17.23±0.01 16.66±0.02 16.10±0.02 15.80±0.05 15.52±0.12 L0 2.32 − −
09 50 30.45 +00 41 07.76 20.77±0.08 18.86±0.06 17.93±0.03 16.76±0.01 16.04±0.01 15.46±0.02 15.12±0.04 15.01±0.08 L1.5 5.34 L1 2
09 51 06.61 +05 57 46.75 20.76±0.07 18.76±0.06 17.95±0.02 16.78±0.02 16.09±0.01 15.51±0.02 15.15±0.04 14.90±0.08 L1 2.16 L2 2
09 51 06.69 +34 10 01.94 21.59±0.19 19.25±0.13 18.56±0.06 17.36±0.02 16.71±0.03 16.11±0.03 15.67±0.05 15.42±0.10 L1.5 3.58 − −
09 51 30.40 +06 02 26.59 21.21±0.09 19.44±0.09 18.30±0.02 17.37±0.02 16.71±0.02 16.18±0.03 15.57±0.05 15.51±0.12 L0.5 20.45 − −
09 52 07.27 –03 01 11.49 21.28±0.19 19.31±0.14 18.99±0.07 17.48±0.03 16.70±0.02 16.04±0.02 − − L3: 19.9 L1 2
09 52 18.68 +08 23 24.52 20.00±0.04 17.89±0.03 17.15±0.01 16.03±0.01 15.32±0.01 14.70±0.01 14.26±0.03 13.97±0.04 L1.5 8.84 − −
09 52 26.05 –01 28 05.19 21.27±0.20 19.33±0.13 18.53±0.05 17.44±0.03 16.82±0.04 16.26±0.03 15.88±0.05 15.66±0.12 L0.5 1.37 − −
09 52 41.84 +04 22 48.42 21.33±0.12 19.39±0.10 18.58±0.04 17.35±0.02 16.60±0.03 15.90±0.03 15.54±0.05 15.23±0.10 L2.5 3.8 − −
09 53 24.45 +05 26 58.72 19.83±0.04 17.68±0.02 16.89±0.01 15.73±0.01 15.05±0.01 14.47±0.01 − − L1: 3.36 M9.5 2
09 54 01.55 +03 51 24.17 20.62±0.05 18.70±0.05 17.73±0.02 16.61±0.01 15.83±0.01 15.19±0.01 14.80±0.03 14.59±0.06 L2 2.9 L1 2
09 54 53.24 +03 16 44.74 20.66±0.07 18.63±0.05 17.81±0.03 16.78±0.02 16.01±0.02 15.50±0.01 15.24±0.04 15.16±0.09 L0 8.47 − −
09 58 59.28 –01 21 26.77 20.45±0.08 18.46±0.05 17.73±0.02 16.76±0.02 16.13±0.02 15.62±0.02 15.05±0.04 14.70±0.06 L0 30.4 − −
09 59 26.79 +00 56 22.62 21.03±0.13 19.15±0.12 18.26±0.03 17.21±0.02 16.50±0.02 16.03±0.03 15.63±0.05 15.36±0.10 L0.5 2.99 − −
09 59 41.41 +11 41 45.75 20.94±0.09 18.76±0.05 17.97±0.03 16.63±0.01 15.84±0.01 15.25±0.01 14.70±0.03 14.36±0.05 L3 5.45 BD candidate −
10 00 51.61 –00 42 04.78 21.16±0.11 19.03±0.08 18.43±0.04 17.35±0.03 16.73±0.03 16.16±0.04 15.80±0.05 15.35±0.10 L0 11.26 − −
10 04 01.37 +00 53 54.97 22.03±0.28 19.26±0.11 18.51±0.04 17.35±0.02 16.81±0.03 16.23±0.04 15.97±0.06 15.86±0.16 L0 10.12 L2 1
10 04 25.77 +04 28 06.76 21.74±0.14 19.45±0.09 18.71±0.04 17.40±0.02 16.47±0.02 15.72±0.02 15.27±0.04 14.92±0.08 L4 6.34 − −
10 05 40.27 +10 38 53.77 21.78±0.20 19.50±0.14 18.45±0.04 17.10±0.02 16.33±0.02 15.67±0.02 15.12±0.04 14.95±0.08 L3.5 6.42 L0 13
10 05 45.27 +06 01 16.71 20.77±0.05 18.78±0.05 17.95±0.02 16.91±0.02 16.25±0.01 15.72±0.02 15.41±0.04 15.14±0.09 L0 0.66 L1 2
10 05 59.84 +03 58 41.11 19.97±0.03 17.94±0.03 16.99±0.01 15.86±0.01 15.19±0.01 14.62±0.01 14.32±0.03 14.15±0.05 L1 5.58 − −
10 06 09.64 +12 42 35.96 21.02±0.07 18.86±0.06 18.04±0.03 17.02±0.02 16.42±0.02 15.93±0.02 15.58±0.05 15.02±0.09 L0 11.39 − −
10 06 38.55 +11 56 50.92 21.59±0.14 19.44±0.10 18.84±0.07 17.45±0.03 16.67±0.02 15.93±0.03 15.51±0.05 15.24±0.10 L3 7.51 − −
10 08 01.12 +03 25 09.78 20.13±0.04 18.03±0.03 17.11±0.02 15.95±0.01 15.21±0.01 14.61±0.01 14.32±0.03 14.13±0.05 L1.5 7.45 M7.5 2
10 08 50.99 –00 35 10.29 20.56±0.06 18.38±0.04 17.56±0.02 16.49±0.01 15.88±0.01 15.32±0.01 14.86±0.05 14.60±0.07 L0.5 7.79 L0.5 2
10 09 31.51 +09 14 48.10 21.67±0.18 19.54±0.12 18.59±0.05 17.47±0.03 16.79±0.02 16.20±0.03 15.86±0.06 15.71±0.14 L1 2.01 − −
10 09 34.64 +06 52 12.61 21.07±0.09 19.04±0.06 18.04±0.04 16.94±0.03 16.34±0.02 15.75±0.02 15.45±0.04 15.22±0.10 L1 3.96 − −
10 09 46.52 +02 51 18.28 21.46±0.17 19.26±0.10 18.46±0.04 17.10±0.02 16.23±0.02 15.43±0.02 14.98±0.04 14.61±0.06 L4.5 6.4 − −
10 10 31.05 +07 28 51.78 20.40±0.05 18.48±0.04 17.45±0.02 16.27±0.01 15.49±0.01 14.90±0.01 14.60±0.03 14.42±0.06 L2 11.1 L1.5 2
10 12 17.42 +04 05 06.14 20.66±0.06 18.66±0.05 17.83±0.02 16.82±0.01 16.09±0.02 15.47±0.02 15.11±0.04 14.78±0.07 L1 7.1 L0.5 2
10 12 47.19 +05 43 44.87 20.91±0.07 18.98±0.05 18.16±0.02 16.96±0.01 16.19±0.02 15.49±0.02 15.22±0.04 15.05±0.08 L2 10.35 − −
10 13 48.13 +05 06 42.00 21.70±0.15 19.66±0.12 18.77±0.04 17.48±0.03 16.83±0.04 16.35±0.03 16.08±0.07 15.73±0.15 L1 8.12 − −
10 13 59.88 +02 05 31.59 21.23±0.13 19.54±0.14 18.38±0.04 17.20±0.02 16.27±0.02 15.50±0.02 14.93±0.04 14.51±0.07 L4.5 13.23 L0 2
10 15 17.62 +07 52 12.09 19.61±0.03 17.49±0.02 16.64±0.01 15.62±0.01 14.96±0.01 14.38±0.01 14.03±0.03 13.71±0.04 L0.5 5.15 L0 13
10 16 12.28 +01 04 48.90 21.43±0.14 19.10±0.08 18.25±0.04 17.05±0.02 16.41±0.02 15.86±0.02 15.45±0.05 15.16±0.14 L1.5 5.64 − −
10 16 18.78 +00 00 28.13 − 19.99±0.26 18.67±0.06 17.44±0.02 16.55±0.02 15.76±0.02 15.14±0.04 14.73±0.09 L5 3.18 − −
10 16 19.49 +07 30 39.25 21.14±0.11 19.29±0.09 18.58±0.04 17.29±0.01 16.50±0.02 15.85±0.02 15.38±0.04 15.13±0.1 L2.5 11.24 − −
10 17 07.58 +13 08 38.57 18.18±0.01 16.21±0.01 15.27±0.00 14.05±0.00 13.33±0.00 12.69±0.00 12.31±0.02 12.06±0.02 L2 2.42 L3 2
10 19 10.12 +02 15 36.81 21.28±0.12 19.24±0.11 18.48±0.04 17.34±0.03 16.72±0.04 16.11±0.03 15.84±0.06 15.35±0.17 L0.5 2.6 − −
10 19 50.97 +04 49 41.00 21.44±0.14 18.96±0.07 18.06±0.02 16.82±0.01 16.24±0.02 15.63±0.02 15.10±0.04 14.89±0.10 L2 15.08 BD candidate −
10 22 04.79 +02 00 43.98 17.99±0.01 15.97±0.01 15.07±0.00 14.05±0.00 13.44±0.00 12.90±0.00 12.63±0.02 12.34±0.03 L0 0.89 − −
10 22 40.56 +01 27 45.96 20.97±0.09 18.85±0.07 17.93±0.02 16.86±0.01 16.28±0.03 15.75±0.02 15.50±0.04 15.36±0.11 L0 6.25 L0 12
10 28 24.31 +08 47 33.67 20.75±0.08 18.88±0.07 18.05±0.02 17.03±0.02 16.30±0.02 15.72±0.03 15.41±0.05 15.14±0.13 L0.5 5.61 − −
10 29 35.20 +06 20 28.57 22.06±0.17 18.84±0.05 17.88±0.02 16.71±0.01 15.87±0.01 15.16±0.01 14.37±0.03 13.86±0.05 L9 12.94 BD candidate −
10 30 26.83 +02 13 06.84 21.67±0.25 19.24±0.13 18.35±0.04 17.14±0.02 16.36±0.03 15.77±0.02 14.98±0.04 14.52±0.06 L4 20.99 L9.5 8
10 31 04.36 –02 14 18.35 21.34±0.13 19.04±0.08 18.40±0.05 17.25±0.03 16.59±0.03 16.01±0.03 15.69±0.05 15.46±0.11 L0.5 5.04 − −
10 31 31.49 +12 37 36.40 21.08±0.09 19.04±0.06 18.17±0.02 16.88±0.02 16.03±0.02 15.32±0.02 14.94±0.04 14.57±0.08 L3.5 5.73 − −
10 31 46.08 –00 45 47.90 21.02±0.11 18.97±0.08 18.52±0.04 17.38±0.03 16.72±0.03 16.24±0.03 15.79±0.05 15.36±0.11 L0 23.48 − −
10 32 25.48 +04 30 28.64 21.66±0.15 19.34±0.10 18.71±0.05 17.45±0.03 16.59±0.04 16.01±0.04 15.63±0.05 15.24±0.10 L2.5 6.67 − −
10 32 38.34 +05 13 23.14 20.77±0.07 18.74±0.04 17.79±0.02 16.62±0.01 15.95±0.02 15.35±0.01 14.92±0.04 14.50±0.07 L2 4.02 − −
10 32 54.75 +06 47 05.79 19.62±0.03 17.65±0.02 16.84±0.01 15.68±0.01 14.92±0.01 14.32±0.01 14.01±0.03 13.87±0.04 L1 9.05 − −
10 33 09.23 +12 16 25.24 19.05±0.02 17.10±0.02 16.09±0.01 15.09±0.00 14.44±0.01 13.89±0.01 13.64±0.03 13.28±0.04 L0.5 5.32 L0 13
10 34 36.11 +01 58 57.76 21.33±0.14 19.69±0.15 18.70±0.05 17.47±0.02 16.79±0.04 16.25±0.04 15.54±0.05 15.02±0.09 L2.5 28.29 − −
10 34 51.12 +12 58 40.47 19.98±0.05 17.96±0.04 17.28±0.01 16.14±0.01 15.42±0.01 14.84±0.01 14.55±0.03 14.31±0.07 L0.5 9.36 L0 12
10 35 01.20 +06 19 20.47 20.97±0.07 19.06±0.06 18.04±0.02 16.91±0.01 16.22±0.02 15.61±0.02 15.33±0.04 15.12±0.09 L1.5 4.76 − −
10 35 57.40 +11 49 41.91 20.06±0.05 17.99±0.03 17.11±0.01 16.10±0.01 15.44±0.01 14.87±0.01 14.62±0.03 14.32±0.07 L0 1.77 − −
10 36 02.84 +03 06 15.82 20.26±0.06 18.18±0.04 17.28±0.01 16.07±0.01 15.45±0.01 14.81±0.01 14.40±0.03 14.04±0.04 L2 3.89 − −
10 40 29.36 +04 31 31.99 21.81±0.13 19.38±0.07 18.39±0.03 17.19±0.02 16.34±0.03 15.72±0.03 15.01±0.04 14.75±0.06 L4 7.74 − −
10 41 23.56 +04 17 15.28 21.20±0.10 19.20±0.08 18.35±0.04 17.42±0.03 16.81±0.04 16.29±0.05 15.81±0.05 15.37±0.11 L0 12.42 − −
10 41 30.20 +08 59 28.47 20.77±0.06 18.93±0.06 18.18±0.03 17.07±0.02 16.45±0.03 15.90±0.02 15.65±0.05 14.99±0.08 L0 20.56 − −
10 42 42.65 +10 10 31.13 21.20±0.12 19.51±0.11 18.34±0.03 17.23±0.02 16.53±0.03 16.01±0.03 15.84±0.06 15.31±0.11 L1 11.66 − −
10 43 10.34 –00 37 07.32 21.46±0.12 19.57±0.11 18.65±0.03 17.43±0.02 16.63±0.03 16.04±0.03 15.78±0.05 15.66±0.13 L2 8.53 − −
10 43 19.40 +07 12 32.45 20.16±0.04 18.07±0.03 17.24±0.01 16.29±0.01 15.68±0.02 15.12±0.02 14.74±0.03 14.46±0.06 L0 6.28 L3 9
10 43 22.60 +04 11 32.98 22.28±0.24 19.65±0.11 18.79±0.06 17.41±0.03 16.65±0.03 16.07±0.03 15.49±0.04 15.13±0.09 L3.5 8.66 − −
10 43 24.99 +00 01 46.88 19.98±0.05 17.85±0.04 17.05±0.01 15.82±0.01 15.19±0.01 14.55±0.01 14.14±0.03 13.80±0.04 L2 4.73 L0 12
10 43 35.09 +12 13 12.31 21.59±0.19 18.29±0.04 17.05±0.01 15.86±0.01 14.91±0.00 14.21±0.01 13.47±0.03 12.89±0.03 L9 7.2 L7 17
10 44 09.41 +04 29 38.42 21.29±0.08 18.19±0.03 17.14±0.01 15.94±0.01 15.00±0.01 14.32±0.01 13.60±0.03 13.12±0.03 L8.5 6.13 L7 1
10 45 19.79 –01 44 49.54 20.42±0.08 18.36±0.05 17.43±0.02 16.47±0.01 15.90±0.02 15.35±0.02 14.73±0.03 14.45±0.06 L0.5 30.02 − −
10 45 23.67 –01 49 57.73 17.17±0.01 15.20±0.01 14.23±0.00 13.08±0.00 12.40±0.00 11.78±0.00 11.46±0.02 11.24±0.02 L1.5 3.73 L1 21
10 46 25.80 +04 24 40.20 22.01±0.18 19.06±0.07 18.18±0.03 16.98±0.02 16.07±0.01 15.36±0.01 14.66±0.03 14.34±0.05 L5 13.38 L6 1
10 47 06.70 +03 07 02.46 21.34±0.15 19.24±0.10 18.35±0.03 17.23±0.02 16.56±0.03 15.98±0.02 15.82±0.05 15.51±0.12 L0.5 4.39 − −
10 48 14.77 +13 58 32.71 21.53±0.14 18.88±0.07 17.88±0.02 16.72±0.01 16.04±0.01 15.38±0.01 14.64±0.03 14.50±0.06 L3.5 29.09 L1 6
10 49 22.48 +01 25 59.02 20.62±0.08 18.23±0.04 17.23±0.02 15.85±0.01 14.93±0.01 14.15±0.01 13.53±0.03 13.19±0.03 L5.5 2.25 − −
10 49 54.65 +01 08 35.33 21.50±0.16 19.32±0.10 18.28±0.04 17.36±0.02 16.77±0.03 16.14±0.03 15.87±0.05 15.55±0.13 L0 7 L6 12
10 50 54.55 –00 48 35.47 20.16±0.04 18.11±0.03 17.29±0.01 16.21±0.01 15.50±0.01 14.95±0.01 14.64±0.03 14.54±0.06 L0.5 5.63 − −
10 51 51.22 +13 11 16.22 18.76±0.01 16.62±0.01 15.75±0.01 14.71±0.00 14.07±0.00 13.50±0.00 13.19±0.03 12.87±0.03 L0.5 4.53 L0 13
10 52 04.43 +06 17 30.36 21.37±0.12 19.22±0.08 18.41±0.04 17.16±0.02 16.22±0.02 15.45±0.01 14.89±0.03 14.56±0.05 L4.5 6.83 − −
10 52 30.54 +12 00 47.61 21.00±0.10 19.02±0.10 18.22±0.03 17.19±0.02 16.53±0.02 16.03±0.02 15.59±0.04 15.51±0.11 L0 5.35 − −
10 52 36.75 +05 15 28.99 21.35±0.13 19.22±0.08 18.30±0.03 17.33±0.02 16.71±0.02 16.15±0.02 − − L0: 2.11 − −
10 53 20.24 +04 52 22.26 18.65±0.01 16.65±0.01 15.72±0.01 14.78±0.00 14.14±0.00 13.58±0.00 13.28±0.03 12.94±0.03 L0 3.88 − −
10 56 46.59 +00 08 57.67 21.25±0.10 19.09±0.08 18.16±0.03 17.13±0.02 16.41±0.03 15.90±0.03 15.54±0.04 15.35±0.10 L0.5 4.32 − −
10 56 54.39 +08 24 12.45 20.44±0.06 18.39±0.05 17.63±0.02 16.55±0.02 15.87±0.01 15.31±0.01 14.97±0.04 14.70±0.06 L0.5 2.56 − −
11 01 35.46 –00 58 08.31 20.55±0.06 18.64±0.05 17.65±0.02 16.42±0.01 15.59±0.02 14.91±0.01 14.52±0.03 14.22±0.05 L3 4.85 − −
11 02 17.30 +05 05 39.93 21.15±0.09 19.17±0.08 18.18±0.03 17.17±0.02 16.48±0.02 15.91±0.02 15.67±0.05 15.52±0.13 L0.5 3.67 − −
11 02 51.03 +10 40 46.57 20.59±0.09 18.54±0.07 17.58±0.02 16.51±0.02 15.88±0.01 15.37±0.01 15.04±0.04 14.85±0.07 L0.5 3.63 − −
11 04 48.08 +01 48 42.33 21.06±0.11 19.25±0.10 18.13±0.02 17.10±0.02 16.49±0.03 15.91±0.03 15.56±0.04 15.45±0.11 L0.5 5.73 − −
11 05 04.08 +02 28 32.38 21.07±0.11 19.41±0.14 18.01±0.02 17.04±0.02 16.42±0.02 15.86±0.02 − − L0: 12.81 − −
11 05 11.22 +10 15 06.16 21.11±0.20 19.33±0.14 18.62±0.05 17.43±0.03 16.73±0.02 16.15±0.02 15.81±0.05 15.63±0.13 L1 5.04 M9 13
11 05 55.01 +04 21 45.19 20.50±0.06 18.36±0.04 17.36±0.01 16.37±0.01 15.68±0.01 15.06±0.01 14.78±0.03 14.53±0.06 L1 7.61 − −
11 06 39.29 +00 23 19.29 21.15±0.09 19.12±0.08 18.31±0.03 17.01±0.02 16.21±0.03 15.53±0.02 15.23±0.04 15.00±0.08 L2.5 7.63 − −
11 08 02.32 +15 45 39.56 21.45±0.13 19.41±0.09 18.57±0.03 17.42±0.02 16.68±0.03 16.12±0.03 15.92±0.06 15.71±0.14 L1 5.07 − −
11 08 27.20 +08 37 59.56 22.90±0.67 18.76±0.07 17.72±0.02 16.56±0.01 15.65±0.01 14.99±0.01 14.16±0.03 13.70±0.04 L9 5.81 BD candidate −
11 08 47.96 +15 35 08.55 20.80±0.11 19.20±0.11 18.32±0.03 17.13±0.02 16.34±0.02 15.72±0.02 15.44±0.04 14.96±0.08 L2 16.98 − −
11 08 50.42 +00 47 46.92 21.88±0.19 19.66±0.11 18.60±0.03 17.30±0.02 16.60±0.03 16.09±0.03 15.56±0.05 15.29±0.10 L2.5 10.41 − −
11 09 36.99 +00 26 58.96 20.57±0.06 18.54±0.04 17.55±0.02 16.44±0.01 15.73±0.02 15.20±0.01 14.98±0.03 14.81±0.07 L1 12.64 − −
11 10 09.72 +14 10 13.45 21.12±0.09 19.04±0.07 18.29±0.03 17.23±0.02 16.52±0.02 16.05±0.02 15.79±0.05 15.76±0.16 L0 5.55 − −
11 12 05.49 +09 36 46.56 21.56±0.13 19.36±0.09 18.40±0.03 17.03±0.01 16.08±0.02 15.32±0.02 14.75±0.03 14.30±0.05 L5.5 5.01 − −
11 13 16.96 –00 02 46.79 19.07±0.02 17.02±0.02 16.09±0.01 15.01±0.00 14.34±0.00 13.77±0.00 13.47±0.03 13.20±0.03 L1 2.27 L0 8
11 13 20.57 +00 18 52.10 20.54±0.05 18.42±0.04 17.54±0.02 16.52±0.01 15.86±0.01 15.30±0.01 15.01±0.04 14.73±0.07 L0.5 1.94 L0.5 2
11 14 28.30 +05 33 35.23 21.68±0.14 19.85±0.10 18.94±0.05 17.49±0.02 16.40±0.03 15.63±0.03 − − L5.5: 26.25 − −
11 15 01.30 +16 07 01.20 20.59±0.07 18.21±0.04 17.38±0.02 16.06±0.01 15.29±0.01 14.61±0.01 13.96±0.03 13.69±0.04 L4 7.2 BD candidate −
11 16 49.20 +10 02 02.33 20.56±0.08 18.53±0.07 17.77±0.02 16.76±0.01 16.02±0.02 15.53±0.02 15.10±0.04 14.94±0.07 L0.5 7.26 − −
11 16 49.27 +11 20 03.06 20.85±0.19 18.68±0.11 18.56±0.04 17.26±0.02 16.33±0.03 15.65±0.02 15.08±0.04 14.70±0.07 L3.5 53.5 − −
11 18 54.84 +09 55 53.46 21.27±0.15 19.08±0.09 18.25±0.03 17.31±0.02 16.58±0.03 16.03±0.04 15.79±0.05 15.67±0.14 L0 5.13 − −
11 19 10.39 +05 52 48.55 21.31±0.11 19.07±0.06 18.07±0.02 16.62±0.01 15.66±0.01 14.86±0.01 14.17±0.03 13.79±0.04 L6 10.35 L 11
11 20 08.52 +02 05 18.90 21.14±0.13 19.27±0.12 18.54±0.03 17.30±0.02 16.54±0.03 15.84±0.02 15.58±0.05 15.26±0.10 L2 9.05 − −
11 20 29.66 –00 44 40.62 21.07±0.11 18.83±0.07 18.23±0.05 16.93±0.03 16.03±0.02 15.40±0.02 14.75±0.03 14.43±0.06 L3.5 16.45 − −
11 22 26.05 +03 35 05.80 21.07±0.14 19.23±0.13 18.49±0.04 17.28±0.02 16.44±0.03 15.84±0.02 15.46±0.04 15.03±0.08 L2.5 9.55 − −
11 23 19.14 +12 42 20.20 21.56±0.22 19.40±0.12 18.39±0.04 17.22±0.02 16.40±0.01 15.78±0.02 − − L3: 1.16 − −
11 23 43.43 +00 01 32.45 20.16±0.04 18.15±0.04 17.28±0.02 16.28±0.01 15.59±0.01 15.03±0.01 14.69±0.03 14.49±0.05 L0.5 2.51 − −
11 24 38.34 +11 32 10.82 20.13±0.05 18.14±0.04 17.40±0.01 16.19±0.01 15.44±0.01 14.87±0.01 14.57±0.03 14.29±0.05 L1 7.52 − −
11 24 41.56 +10 55 00.38 21.39±0.18 19.27±0.11 18.45±0.04 17.20±0.02 16.44±0.02 15.70±0.02 15.45±0.04 15.47±0.11 L2 14.87 − −
11 25 04.93 +05 56 42.52 19.51±0.03 17.50±0.02 16.66±0.01 15.59±0.01 14.98±0.01 14.42±0.01 14.10±0.03 13.88±0.04 L0 0.79 L0 12
11 27 04.46 –03 13 59.05 21.20±0.13 19.41±0.13 18.63±0.03 17.37±0.02 16.68±0.02 15.96±0.02 15.47±0.04 15.35±0.1 L2.5 10.38 BD candidate −
11 27 22.86 –00 37 14.26 20.96±0.07 18.72±0.05 17.95±0.03 16.78±0.02 16.15±0.03 15.60±0.02 15.24±0.04 15.01±0.09 L1 5.24 − −
11 27 26.24 +12 34 33.28 20.07±0.05 17.95±0.03 17.01±0.01 15.99±0.01 15.45±0.01 14.89±0.01 14.57±0.03 14.28±0.05 L0 6.73 − −
11 29 26.00 +11 44 36.19 19.86±0.13 18.25±0.12 17.76±0.02 16.56±0.01 15.81±0.02 15.08±0.02 − − L1.5: 41.23 − −
11 30 27.48 –03 16 35.60 20.88±0.09 18.59±0.05 17.87±0.02 16.61±0.01 16.02±0.01 15.56±0.02 − − L0.5: 12.61 − −
11 30 28.08 +08 51 57.97 22.70±0.51 19.38±0.12 18.45±0.03 17.09±0.01 16.29±0.01 15.64±0.01 15.06±0.04 14.90±0.08 L3.5 9.82 − −
11 30 48.30 +05 41 42.26 20.94±0.07 18.98±0.05 18.13±0.03 17.08±0.02 16.40±0.03 15.87±0.03 15.60±0.05 15.44±0.12 L0 1.85 − −
11 33 14.57 +06 36 39.32 21.09±0.10 19.45±0.10 18.57±0.04 17.41±0.03 16.67±0.04 15.98±0.03 − − L1.5: 13.13 L1 12
11 33 44.58 +13 11 25.43 19.61±0.04 17.58±0.03 16.69±0.01 15.56±0.01 14.93±0.01 14.37±0.01 14.07±0.03 13.82±0.04 L0.5 1.86 − −
11 33 45.17 +03 24 43.70 20.65±0.10 18.84±0.09 18.20±0.03 17.02±0.02 16.31±0.02 15.71±0.02 15.04±0.04 14.78±0.07 L2 36.9 − −
11 34 59.77 +00 55 16.73 21.13±0.11 19.18±0.08 18.11±0.03 16.80±0.02 15.98±0.02 15.33±0.02 14.94±0.04 14.62±0.06 L3 8.33 − −
11 35 42.51 –02 26 59.18 21.35±0.12 19.22±0.07 18.42±0.03 17.49±0.02 16.75±0.02 16.18±0.02 15.99±0.06 15.89±0.18 L0 6.43 − −
11 38 50.09 –00 24 51.33 21.33±0.10 19.13±0.07 18.13±0.04 16.84±0.02 15.91±0.02 15.23±0.01 14.63±0.03 14.27±0.05 L4.5 1.26 − −
11 40 48.05 +16 08 25.16 21.38±0.15 19.23±0.11 18.10±0.02 16.82±0.02 15.95±0.01 15.24±0.01 14.62±0.03 14.26±0.05 L4.5 2.55 − −
11 41 05.19 +09 16 47.68 22.11±0.47 19.20±0.14 18.66±0.03 17.35±0.02 16.68±0.01 16.09±0.02 15.61±0.05 15.37±0.1 L2 8.99 − −
11 41 24.40 –02 04 05.77 21.53±0.09 19.29±0.06 18.59±0.04 17.44±0.02 16.81±0.02 16.27±0.03 16.04±0.06 15.74±0.14 L0 5.45 − −
11 41 35.66 +11 02 19.33 20.91±0.14 18.78±0.08 17.94±0.02 16.91±0.01 16.27±0.02 15.70±0.02 15.19±0.04 14.86±0.08 L1 10.79 − −
11 41 49.54 +15 19 56.52 21.39±0.14 19.40±0.09 18.50±0.03 17.49±0.02 16.76±0.04 16.22±0.04 15.94±0.06 15.78±0.15 L0.5 2.06 − −
11 43 42.43 +13 00 12.58 20.05±0.07 18.21±0.05 17.46±0.02 16.31±0.01 15.50±0.01 14.87±0.01 14.60±0.03 14.41±0.05 L1 19.42 − −
11 44 12.46 +04 44 49.65 21.51±0.11 18.99±0.05 17.90±0.02 16.90±0.02 16.31±0.02 15.87±0.03 − − L0.5: 38.32 − −
11 48 04.24 +02 54 05.33 19.88±0.03 17.97±0.03 17.02±0.01 15.98±0.01 15.35±0.01 14.79±0.01 14.49±0.03 14.28±0.05 L0 2.98 L0 8
11 49 13.70 +15 13 21.93 21.25±0.08 19.16±0.07 18.30±0.03 17.31±0.03 16.61±0.03 16.15±0.03 15.83±0.05 15.48±0.12 L0 2.2 − −
11 50 02.01 –01 08 28.86 21.13±0.08 19.16±0.07 18.17±0.03 17.05±0.02 16.50±0.02 15.97±0.02 15.64±0.05 15.55±0.12 L0 6.99 − −
11 50 13.07 +05 20 10.44 20.95±0.07 18.38±0.04 17.35±0.01 16.09±0.01 15.29±0.01 14.68±0.01 14.03±0.03 13.68±0.04 L4.5 24.79 L6 12
11 51 05.79 +11 19 20.76 21.34±0.13 19.30±0.09 18.47±0.03 17.47±0.02 16.78±0.02 16.23±0.03 15.75±0.05 15.45±0.11 L1 7.62 − −
11 51 51.18 –01 59 07.02 20.85±0.14 19.00±0.11 18.43±0.03 17.29±0.02 16.52±0.02 15.85±0.02 15.46±0.04 15.16±0.09 L1.5 19.7 − −
11 52 26.54 +05 19 03.60 21.21±0.07 19.20±0.05 18.20±0.03 17.11±0.02 16.50±0.03 16.18±0.05 15.60±0.05 15.27±0.10 L0.5 15.1 − −
11 55 06.42 +10 19 49.56 21.27±0.18 18.99±0.13 18.37±0.03 17.24±0.02 16.55±0.02 15.98±0.02 15.64±0.05 15.36±0.11 L1 3.07 − −
11 55 24.58 +12 48 54.79 20.27±0.05 18.46±0.05 17.52±0.02 16.31±0.01 15.57±0.01 14.92±0.01 14.61±0.03 14.36±0.05 L2 8.65 L7.5 2
11 55 53.63 +05 59 57.21 20.74±0.05 17.91±0.02 16.93±0.01 15.72±0.01 14.75±0.01 14.11±0.01 13.31±0.03 12.87±0.03 L8 16.53 − −
11 58 21.10 +04 34 53.93 20.70±0.05 17.62±0.02 16.61±0.01 15.43±0.00 14.88±0.01 14.37±0.01 13.69±0.03 13.36±0.03 L3.5 197.03 sdL7 17
11 58 24.22 +15 45 52.14 21.48±0.12 19.42±0.07 18.51±0.04 17.24±0.02 16.45±0.02 15.81±0.02 15.42±0.04 15.17±0.09 L2.5 2.97 L0 2
11 59 31.08 +15 28 30.38 18.57±0.01 16.61±0.01 15.73±0.01 14.74±0.00 14.12±0.00 13.58±0.00 13.22±0.02 12.97±0.03 L0 2.9 − −
11 59 38.52 +00 57 26.85 18.12±0.01 16.08±0.01 15.07±0.00 14.02±0.00 13.37±0.00 12.80±0.00 12.38±0.02 12.05±0.02 L1.5 7.88 − −
11 59 53.51 +14 32 02.89 21.95±0.20 19.69±0.14 18.87±0.05 17.36±0.02 16.41±0.02 15.56±0.01 14.85±0.03 14.34±0.05 L7 17 − −
12 01 28.44 +13 08 57.89 19.99±0.04 18.14±0.03 17.33±0.02 16.18±0.01 15.42±0.01 14.83±0.01 14.57±0.03 14.33±0.05 L1 12 − −
12 02 52.67 –02 27 48.01 19.80±0.04 17.81±0.04 16.91±0.01 15.75±0.01 15.04±0.01 14.43±0.01 14.12±0.03 13.87±0.04 L1.5 1.46 L0 13
12 03 10.87 –01 55 59.95 21.42±0.20 19.33±0.12 18.38±0.05 17.26±0.03 16.62±0.03 16.04±0.03 15.81±0.05 15.60±0.14 L0.5 2.62 − −
12 03 57.45 +00 15 47.79 18.51±0.01 16.25±0.01 15.26±0.00 13.93±0.00 13.11±0.00 12.44±0.00 11.90±0.02 11.65±0.02 L4 8.54 − −
12 05 12.56 +12 45 39.32 20.40±0.06 18.26±0.04 17.41±0.02 16.31±0.01 15.66±0.01 15.16±0.01 14.86±0.03 14.71±0.06 L0 6.74 − −
12 05 45.93 +08 42 06.85 21.75±0.19 19.33±0.11 18.52±0.06 17.26±0.04 16.36±0.02 15.71±0.02 15.10±0.04 14.87±0.07 L4 2.42 − −
12 09 12.48 +08 31 02.50 21.01±0.09 18.96±0.06 17.90±0.02 16.71±0.01 15.98±0.01 15.38±0.01 15.02±0.04 14.78±0.07 L2 7.1 − −
12 09 34.60 +00 31 18.81 20.98±0.08 19.02±0.06 18.07±0.03 16.85±0.02 16.12±0.02 15.51±0.02 15.23±0.04 15.10±0.1 L1.5 7.8 − −
12 09 50.34 +02 49 02.48 21.19±0.13 19.03±0.11 18.33±0.03 17.22±0.02 16.53±0.02 15.94±0.03 15.70±0.05 15.54±0.12 L0.5 3.55 − −
12 10 01.98 +03 07 39.56 21.87±0.25 19.29±0.10 18.42±0.03 17.40±0.02 16.60±0.02 16.16±0.03 15.71±0.05 15.67±0.14 L1 11.01 L1.5 1
12 11 15.32 +15 42 30.03 21.42±0.10 19.58±0.08 18.75±0.03 17.49±0.02 16.86±0.04 16.25±0.03 15.86±0.05 15.37±0.1 L1.5 8.19 L2 2
12 11 30.09 +04 06 07.50 19.75±0.03 17.75±0.03 16.88±0.01 15.52±0.01 14.70±0.01 13.95±0.01 13.47±0.03 13.14±0.03 L3.5 10.29 − −
12 12 33.92 +02 06 27.04 19.55±0.04 17.62±0.04 16.97±0.01 15.78±0.01 15.01±0.01 14.33±0.01 14.05±0.03 13.87±0.04 L1 26.08 L1 9
12 13 04.69 +15 29 21.27 20.35±0.06 18.23±0.05 17.25±0.01 16.17±0.01 15.69±0.02 15.18±0.02 14.83±0.03 14.45±0.05 L0 15.18 − −
12 13 18.65 +07 33 50.19 21.25±0.08 19.29±0.08 18.35±0.03 17.31±0.02 16.68±0.02 16.17±0.03 15.84±0.05 15.50±0.11 L0 1.55 L4 2
12 14 15.48 +10 41 44.51 18.77±0.02 16.79±0.02 15.85±0.01 14.87±0.00 14.24±0.00 13.71±0.00 13.44±0.03 13.17±0.03 L0 2.1 − −
12 14 27.07 –01 26 39.36 19.76±0.04 17.83±0.03 16.83±0.01 15.83±0.01 15.21±0.01 14.68±0.01 14.36±0.03 14.05±0.05 L0 4.53 M9 13
12 15 02.92 +02 46 50.08 21.54±0.17 19.15±0.11 18.49±0.04 17.38±0.02 16.73±0.03 16.32±0.04 15.98±0.06 15.56±0.14 L0 7.22 − −
12 15 18.27 +00 42 57.22 19.64±0.03 17.65±0.02 16.79±0.01 15.60±0.01 14.87±0.01 14.30±0.01 13.97±0.03 13.77±0.05 L1.5 3.45 − −
12 15 21.36 –00 21 20.81 21.09±0.14 19.38±0.14 18.66±0.06 17.37±0.03 16.63±0.04 15.94±0.04 15.44±0.04 15.14±0.11 L2.5 13.52 − −
12 15 54.54 +03 14 35.63 21.59±0.19 19.41±0.11 18.60±0.04 17.21±0.02 16.35±0.02 15.64±0.02 15.16±0.04 14.94±0.08 L4 5.91 − −
12 17 35.51 +07 08 32.10 20.45±0.04 18.57±0.04 17.57±0.02 16.35±0.01 15.68±0.01 15.07±0.01 14.77±0.03 14.56±0.06 L1.5 7.56 L1 2
12 19 32.50 +01 54 32.28 18.85±0.02 16.82±0.02 15.99±0.01 14.98±0.00 14.31±0.00 13.79±0.00 − − L0: 0.73 − −
12 20 05.31 +07 59 33.76 21.12±0.09 19.22±0.07 18.40±0.03 17.36±0.02 16.72±0.02 16.17±0.03 15.85±0.05 15.65±0.13 L0 2.19 − −
12 20 57.99 +02 01 42.26 21.04±0.11 19.15±0.11 18.29±0.03 17.12±0.02 16.41±0.03 15.83±0.03 15.48±0.05 15.26±0.11 L1.5 2.3 − −
12 21 06.43 +08 55 50.85 20.47±0.05 18.63±0.05 17.69±0.02 16.62±0.01 15.91±0.01 15.33±0.02 14.97±0.04 14.80±0.07 L1 5.03 L0 21
12 21 27.62 +02 57 19.53 17.05±0.01 15.08±0.01 14.12±0.00 13.07±0.00 12.44±0.00 11.91±0.00 11.65±0.02 11.37±0.02 L0 3.91 − −
12 23 25.69 +04 48 27.67 21.11±0.12 18.80±0.08 17.68±0.02 16.37±0.01 15.45±0.01 14.65±0.01 14.02±0.03 13.74±0.04 L5.5 3.84 − −
12 23 50.25 +07 40 20.24 21.41±0.10 19.49±0.10 18.53±0.04 17.45±0.02 16.93±0.02 16.36±0.03 16.01±0.06 16.00±0.19 L0 4.39 − −
12 24 16.18 –01 53 00.75 21.01±0.11 19.27±0.09 18.46±0.05 17.30±0.03 16.62±0.03 16.07±0.04 15.96±0.06 15.63±0.18 L0 10.26 − −
12 25 24.00 –02 15 59.98 20.36±0.06 18.43±0.06 17.48±0.02 16.38±0.01 15.72±0.01 15.08±0.01 14.70±0.03 14.32±0.05 L1.5 4.43 L3 12
12 25 26.13 +06 06 13.55 21.20±0.10 19.19±0.08 18.32±0.03 17.31±0.02 16.59±0.02 16.06±0.03 − − L0.5: 1.09 − −
12 25 35.60 +14 55 07.16 21.00±0.07 19.03±0.05 18.19±0.04 17.26±0.02 16.62±0.02 16.03±0.03 15.59±0.04 15.24±0.09 L0 13.35 − −
12 26 28.69 +08 35 39.75 20.48±0.07 18.56±0.05 17.63±0.02 16.64±0.01 15.95±0.01 15.45±0.01 15.16±0.04 15.03±0.10 L0 3.36 − −
12 27 18.18 +02 13 53.37 21.37±0.19 19.33±0.15 18.50±0.03 17.26±0.02 16.43±0.02 15.75±0.02 15.38±0.04 15.11±0.10 L3 3.01 − −
12 28 12.40 +11 01 13.45 19.40±0.02 17.43±0.02 16.44±0.01 15.40±0.01 14.75±0.01 14.16±0.01 13.82±0.03 13.52±0.03 L1 2.98 L0 8
12 28 55.36 +00 50 43.79 19.78±0.04 17.62±0.03 16.49±0.01 15.49±0.01 14.83±0.01 14.18±0.01 13.80±0.03 13.32±0.04 L2 27.65 L0.5 2
12 29 01.03 –01 44 20.52 21.26±0.15 19.17±0.11 18.22±0.03 17.17±0.02 16.55±0.03 16.05±0.03 15.69±0.05 15.53±0.13 L0 2.57 − −
12 32 00.79 +02 23 44.25 19.92±0.04 17.89±0.03 17.02±0.01 15.97±0.01 15.30±0.01 14.75±0.01 14.46±0.03 14.16±0.05 L0.5 0.44 L0 13
12 32 47.18 +05 27 02.99 20.85±0.10 18.91±0.07 18.00±0.03 17.02±0.02 16.29±0.02 15.72±0.02 15.38±0.04 15.28±0.12 L0.5 3.86 − −
12 33 42.83 +00 45 03.87 21.77±0.16 19.71±0.11 18.54±0.06 17.44±0.03 16.74±0.03 16.05±0.02 15.74±0.05 15.55±0.13 L2 6.49 − −
12 33 58.96 –02 10 31.07 20.99±0.13 19.06±0.10 18.21±0.03 16.95±0.02 16.22±0.01 15.55±0.02 15.28±0.04 15.11±0.09 L2 7.36 − −
12 35 08.16 +06 15 13.64 20.25±0.04 18.28±0.03 17.34±0.01 16.24±0.01 15.54±0.01 14.95±0.01 14.62±0.03 14.37±0.06 L1 1.33 − −
12 35 44.97 +03 54 28.91 20.09±0.05 18.32±0.05 17.31±0.02 16.24±0.01 15.62±0.01 15.07±0.02 − − L0.5: 6.67 L1 2
12 35 52.04 +03 16 02.86 21.05±0.14 19.06±0.10 18.30±0.03 17.30±0.02 16.61±0.02 16.05±0.03 15.73±0.05 15.63±0.15 L0 3.54 L1 2
12 36 37.42 +06 19 25.25 20.73±0.06 18.71±0.05 17.80±0.02 16.70±0.01 16.00±0.01 15.44±0.02 15.17±0.04 15.02±0.09 L0.5 4.58 − −
12 37 32.12 –02 43 15.21 21.64±0.17 19.55±0.13 18.51±0.04 17.14±0.02 16.26±0.01 15.57±0.01 14.99±0.04 14.78±0.07 L4.5 4.95 − −
12 37 55.16 +02 14 57.42 20.79±0.09 18.71±0.07 17.96±0.03 16.88±0.02 16.19±0.02 15.67±0.02 15.27±0.04 14.94±0.07 L0.5 4.88 − −
12 39 01.14 –00 54 26.61 21.05±0.10 18.91±0.06 17.66±0.02 16.43±0.01 15.58±0.01 14.89±0.01 − − L4.5: 10.83 − −
12 39 18.42 –02 59 43.91 20.63±0.09 18.70±0.07 17.86±0.03 16.89±0.02 16.20±0.01 15.59±0.02 15.31±0.04 15.24±0.1 L0 6.61 − −
12 40 08.15 +04 19 30.24 21.15±0.12 19.10±0.08 18.27±0.04 17.25±0.03 16.59±0.03 15.97±0.03 15.53±0.04 15.35±0.11 L1 5.58 − −
12 40 10.34 +06 03 50.10 20.70±0.07 18.77±0.06 18.00±0.03 16.92±0.02 16.28±0.01 15.78±0.02 15.27±0.04 15.07±0.09 L0.5 11.4 − −
12 40 32.93 +34 23 11.99 20.89±0.07 18.96±0.05 18.03±0.04 16.90±0.02 16.19±0.02 15.65±0.02 15.23±0.06 15.05±0.1 L1 2.58 − −
12 42 25.71 +08 19 10.12 21.08±0.09 19.35±0.08 18.40±0.03 17.36±0.02 16.76±0.02 16.22±0.03 15.55±0.04 15.03±0.09 L1 44.41 − −
12 42 28.01 +31 17 45.45 21.41±0.14 19.30±0.10 18.46±0.04 17.27±0.03 16.65±0.02 15.96±0.02 15.64±0.05 15.45±0.1 L1.5 2.41 − −
12 43 07.95 +02 42 03.84 22.35±0.37 19.59±0.16 18.70±0.05 17.45±0.03 16.60±0.02 15.86±0.02 15.27±0.04 14.94±0.08 L4.5 2.31 − −
12 44 37.81 +22 43 41.76 20.97±0.07 18.93±0.06 18.12±0.03 17.11±0.02 16.46±0.02 15.92±0.02 15.61±0.05 15.15±0.09 L0 4.65 − −
12 45 14.97 +12 04 41.98 20.17±0.04 18.14±0.03 17.14±0.02 16.06±0.01 15.33±0.01 14.67±0.01 14.38±0.03 14.13±0.05 L1.5 5.18 − −
12 45 21.29 +14 39 06.76 21.00±0.11 19.05±0.10 18.19±0.04 17.17±0.02 16.51±0.02 15.97±0.03 15.63±0.05 15.29±0.1 L0 1.81 − −
12 45 31.54 +01 56 30.96 19.52±0.03 17.81±0.03 16.84±0.01 15.81±0.01 15.10±0.01 14.60±0.01 − − L0: 15.84 − −
12 45 33.33 +02 49 44.57 20.76±0.07 18.68±0.06 17.72±0.02 16.65±0.01 15.99±0.01 15.42±0.02 15.14±0.04 14.90±0.07 L0.5 3.62 L1 2
12 46 51.64 +12 15 16.70 21.15±0.10 19.02±0.07 18.23±0.04 17.18±0.02 16.56±0.02 15.96±0.03 15.72±0.04 15.44±0.11 L0 1.46 − −
12 47 24.63 –00 39 58.78 21.13±0.10 19.29±0.08 18.29±0.04 17.23±0.03 16.54±0.03 15.95±0.03 15.70±0.05 15.17±0.09 L1 5.96 − −
12 47 32.04 +30 18 22.71 21.45±0.17 19.38±0.11 18.20±0.03 17.25±0.02 16.59±0.03 16.03±0.03 15.83±0.05 15.48±0.10 L0 9.82 − −
12 47 34.06 +00 27 21.17 21.59±0.13 19.55±0.09 18.65±0.05 17.43±0.03 16.59±0.02 15.93±0.02 15.30±0.04 15.13±0.09 L3.5 3.38 − −
12 47 36.06 –00 55 23.13 20.96±0.08 18.96±0.06 17.97±0.03 16.73±0.02 15.91±0.02 15.22±0.02 14.86±0.03 14.51±0.06 L3 3.81 − −
12 49 22.71 +03 10 25.61 20.59±0.05 18.45±0.04 17.39±0.02 16.18±0.01 15.37±0.01 14.65±0.01 14.15±0.03 13.73±0.04 L4 5.42 − −
12 50 15.55 +04 55 06.61 19.11±0.02 17.12±0.01 16.13±0.01 15.07±0.00 14.42±0.00 13.85±0.00 − − L1: 2.64 − −
12 50 31.98 +30 19 46.20 21.35±0.16 19.12±0.09 18.19±0.03 17.17±0.02 16.54±0.03 15.95±0.02 15.74±0.05 15.45±0.11 L0 3.96 − −
12 50 35.58 +23 13 25.53 21.80±0.17 19.58±0.10 18.82±0.06 17.42±0.03 16.58±0.03 15.88±0.02 15.48±0.04 15.09±0.07 L3.5 5.69 − −
12 50 44.44 +22 51 39.37 20.79±0.07 18.81±0.05 17.90±0.03 16.87±0.02 16.28±0.02 15.73±0.02 15.41±0.04 15.23±0.09 L0 1.43 − −
12 51 42.27 +11 17 34.79 20.91±0.08 18.96±0.06 18.07±0.03 17.02±0.02 16.40±0.02 15.87±0.02 15.58±0.05 15.30±0.11 L0 0.34 − −
12 52 14.08 +14 22 39.34 20.20±0.04 18.22±0.03 17.28±0.02 16.05±0.01 15.24±0.01 14.58±0.01 14.22±0.03 13.95±0.04 L2.5 4.12 M7 2
12 52 38.22 +03 47 35.02 19.89±0.04 17.90±0.03 16.97±0.01 15.95±0.01 15.27±0.01 14.72±0.01 14.41±0.03 14.15±0.05 L0.5 0.92 L3 2
12 53 09.66 +06 29 50.38 21.12±0.13 19.19±0.11 18.43±0.04 17.46±0.03 16.87±0.03 16.23±0.03 15.92±0.06 15.41±0.1 L0 11.67 − −
12 53 17.55 +06 18 25.44 20.85±0.07 18.88±0.06 17.84±0.03 16.62±0.01 15.74±0.01 15.02±0.01 14.60±0.03 14.26±0.05 L3.5 4.97 − −
12 53 35.07 +34 27 27.50 21.10±0.08 19.11±0.07 18.29±0.04 17.32±0.03 16.61±0.04 16.09±0.03 15.76±0.05 15.39±0.09 L0 3.73 − −
12 53 36.43 +34 34 27.87 21.58±0.13 19.30±0.08 18.54±0.05 17.35±0.03 16.80±0.04 16.28±0.03 15.95±0.05 15.68±0.12 L0.5 5.67 − −
12 53 40.60 –03 03 16.70 21.39±0.16 19.05±0.09 18.57±0.04 16.93±0.02 16.20±0.02 15.52±0.02 15.08±0.03 14.79±0.08 L3.5 26.69 − −
12 53 54.36 +02 51 43.64 21.48±0.16 19.51±0.15 18.63±0.04 17.46±0.02 16.82±0.04 16.29±0.03 15.93±0.06 15.98±0.18 L0.5 3.94 − −
12 53 55.20 +25 05 40.32 20.82±0.07 19.02±0.07 17.97±0.03 16.95±0.02 16.39±0.02 15.85±0.02 15.50±0.04 15.16±0.08 L0 5.84 − −
12 54 14.32 +05 11 39.26 20.99±0.08 18.95±0.07 18.11±0.03 17.10±0.02 16.38±0.03 15.87±0.03 15.60±0.05 15.70±0.13 L0 8.5 − −
12 54 37.60 +29 38 32.50 19.29±0.02 17.28±0.02 16.41±0.01 15.31±0.00 14.62±0.01 14.04±0.01 13.78±0.03 13.48±0.03 L1 2.3 − −
12 54 42.33 +31 13 22.93 20.29±0.05 18.37±0.04 17.47±0.02 16.46±0.01 15.79±0.02 15.22±0.01 14.89±0.03 14.71±0.05 L0 3.48 L1 12
12 54 59.33 +26 31 07.05 20.42±0.06 18.28±0.03 17.49±0.02 16.36±0.01 15.71±0.01 15.15±0.01 14.90±0.03 14.61±0.05 L0.5 2.8 L0 13
12 55 12.61 +15 11 23.01 21.43±0.13 19.51±0.11 18.48±0.03 17.24±0.02 16.56±0.03 16.10±0.03 15.59±0.04 15.35±0.09 L1.5 7.97 − −
12 55 14.22 +34 37 11.09 21.68±0.15 19.42±0.09 18.39±0.04 17.24±0.03 16.59±0.04 15.96±0.03 15.62±0.04 15.27±0.08 L1.5 6.86 − −
12 55 28.73 +05 33 04.56 21.39±0.13 19.42±0.10 18.45±0.04 17.28±0.02 16.46±0.02 15.77±0.02 15.54±0.05 15.27±0.1 L2.5 7.77 − −
12 55 46.01 +24 22 36.88 21.15±0.08 19.08±0.06 18.33±0.04 17.30±0.02 16.64±0.03 16.08±0.03 15.82±0.04 15.56±0.1 L0 2.02 − −
12 56 15.01 +28 40 15.13 21.49±0.13 19.49±0.09 18.61±0.05 17.46±0.03 16.69±0.02 16.05±0.03 15.67±0.05 15.34±0.09 L2 0.94 L2 9
12 56 33.00 +28 18 33.83 20.61±0.06 18.72±0.05 17.68±0.02 16.66±0.02 16.04±0.01 15.52±0.02 15.06±0.03 14.89±0.06 L0.5 7.25 − −
12 56 50.16 +07 21 31.00 21.20±0.14 19.21±0.10 18.37±0.04 17.40±0.03 16.74±0.03 16.15±0.03 15.93±0.06 15.60±0.13 L0 1.45 − −
12 56 56.75 +01 46 16.28 18.60±0.02 16.63±0.01 15.71±0.01 14.42±0.00 13.50±0.00 12.82±0.00 12.34±0.02 12.04±0.02 L3.5 10.85 − −
12 57 32.18 +23 21 42.79 21.17±0.11 19.18±0.08 18.24±0.04 16.99±0.02 16.16±0.02 15.37±0.02 14.93±0.03 14.61±0.05 L3.5 3.82 − −
12 57 37.32 –01 13 36.15 20.40±0.05 18.02±0.03 17.03±0.01 15.64±0.01 14.82±0.01 14.14±0.01 13.51±0.03 13.21±0.03 L5 9.91 − −
12 57 42.21 +12 28 45.29 20.81±0.08 18.94±0.07 18.11±0.03 17.13±0.02 16.38±0.02 15.81±0.02 15.57±0.05 15.33±0.1 L0 6.98 L4 6
12 58 03.52 +26 34 28.96 22.93±0.42 19.79±0.14 18.56±0.04 17.33±0.02 16.59±0.02 16.16±0.03 15.77±0.05 15.25±0.08 L2 28.2 − −
12 58 16.56 +15 48 33.47 21.16±0.15 19.16±0.10 18.22±0.04 17.10±0.03 16.51±0.02 15.90±0.02 15.63±0.04 15.45±0.11 L0.5 2.03 L0 2
12 58 39.91 +23 23 10.10 21.41±0.16 19.20±0.10 18.64±0.05 17.42±0.03 16.63±0.03 16.04±0.03 15.64±0.04 15.35±0.08 L2 8 − −
12 59 15.30 +23 56 08.78 21.16±0.08 19.13±0.06 18.40±0.04 17.37±0.02 16.65±0.02 16.09±0.02 15.87±0.05 15.63±0.11 L0 4.56 − −
12 59 24.88 +02 23 52.49 21.27±0.13 19.07±0.09 18.36±0.04 17.15±0.02 16.50±0.03 15.87±0.02 15.41±0.04 15.23±0.09 L1.5 4.39 − −
12 59 41.60 +10 01 38.36 21.40±0.13 19.27±0.10 18.47±0.03 17.01±0.01 15.88±0.01 14.90±0.01 − − L6: 60.12 − −
13 00 00.12 +34 51 04.27 20.94±0.07 18.87±0.06 17.94±0.03 16.84±0.02 16.27±0.02 15.71±0.02 15.39±0.04 15.29±0.08 L0.5 6.36 − −
13 01 46.15 +04 53 41.04 20.93±0.07 18.91±0.06 17.97±0.03 16.73±0.01 15.94±0.02 15.28±0.01 14.81±0.03 14.54±0.06 L3 0.69 − −
13 01 54.66 +24 13 09.45 21.03±0.07 18.96±0.06 17.93±0.03 16.82±0.02 16.06±0.01 15.45±0.01 14.91±0.03 14.71±0.06 L2.5 3.99 − −
13 02 31.05 +26 48 30.54 20.98±0.08 18.85±0.06 17.87±0.02 16.50±0.01 15.61±0.01 14.91±0.01 14.32±0.03 14.07±0.04 L4.5 3.98 − −
13 02 54.60 –01 11 46.38 20.17±0.05 18.37±0.05 17.64±0.03 16.43±0.02 15.77±0.02 15.13±0.01 14.71±0.03 14.56±0.05 L1 20.47 − −
13 03 36.27 +01 36 00.95 20.43±0.06 18.58±0.06 17.61±0.02 16.69±0.01 16.05±0.01 15.51±0.02 15.02±0.03 14.77±0.06 L0 14.87 − −
13 03 39.04 +15 25 42.84 20.96±0.08 19.15±0.07 18.23±0.03 17.14±0.02 16.39±0.02 15.83±0.02 15.47±0.04 15.20±0.09 L1 4.45 − −
13 04 33.14 +09 07 07.18 19.25±0.02 17.24±0.02 16.32±0.01 15.28±0.00 14.59±0.01 14.03±0.00 − − L0.5: 0.95 − −
13 04 35.66 +15 42 52.66 23.23±0.81 19.73±0.18 18.61±0.03 17.19±0.02 16.44±0.02 15.86±0.02 15.09±0.04 14.62±0.06 L9.5 13.05 BD candidate −
13 04 49.97 +01 06 23.98 21.03±0.10 18.80±0.06 17.88±0.02 16.66±0.01 15.92±0.02 15.18±0.01 14.68±0.03 14.39±0.05 L3 3.23 L0 2
13 05 16.84 +29 08 25.79 21.59±0.16 19.42±0.12 18.45±0.03 17.34±0.02 16.55±0.02 15.95±0.02 15.60±0.04 15.42±0.09 L2 4.24 − −
13 05 34.80 +05 46 01.36 20.68±0.09 18.68±0.07 18.05±0.03 16.86±0.02 16.35±0.02 15.68±0.02 15.44±0.04 15.27±0.10 L0 11.71 − −
13 06 54.28 –01 33 38.44 21.10±0.13 19.36±0.12 18.34±0.04 17.22±0.03 16.57±0.03 15.98±0.03 15.86±0.05 15.73±0.14 L0.5 10.09 − −
13 07 24.53 +25 32 38.01 19.94±0.03 18.04±0.03 17.05±0.01 16.04±0.01 15.34±0.01 14.77±0.01 14.57±0.03 14.26±0.05 L0.5 5.59 − −
13 07 33.84 +02 46 02.13 18.85±0.02 16.91±0.02 15.96±0.01 14.99±0.00 14.33±0.00 13.81±0.00 13.48±0.02 13.19±0.03 L0 2.61 − −
13 07 41.65 +03 49 31.90 20.09±0.04 18.11±0.03 17.36±0.02 16.28±0.01 15.63±0.01 15.06±0.01 14.77±0.03 14.53±0.05 L0 3.79 − −
13 08 16.04 –01 14 24.48 21.10±0.10 19.15±0.07 18.33±0.04 17.22±0.03 16.54±0.03 15.94±0.02 15.64±0.05 15.38±0.10 L1 1.73 − −
13 08 30.97 +08 18 52.53 19.23±0.02 17.29±0.02 16.31±0.01 15.19±0.00 14.37±0.00 13.79±0.00 13.51±0.03 13.28±0.03 L1.5 9.19 L0 2
13 09 43.82 +09 25 30.13 21.04±0.09 19.23±0.08 18.37±0.04 17.13±0.02 16.34±0.02 15.68±0.02 15.42±0.04 15.26±0.09 L2 12.58 − −
13 09 54.85 +12 42 22.58 21.62±0.14 19.79±0.14 18.73±0.05 17.48±0.03 16.69±0.02 16.05±0.02 15.66±0.05 15.37±0.11 L2.5 2.86 − −
13 11 13.77 +24 01 05.05 20.34±0.05 18.27±0.04 17.49±0.02 16.28±0.01 15.53±0.01 14.89±0.01 14.64±0.03 14.31±0.04 L1.5 5.96 L3 12
13 11 32.32 +01 46 24.09 21.73±0.20 19.20±0.10 18.62±0.05 17.49±0.03 16.86±0.03 16.39±0.04 16.06±0.06 15.88±0.16 L0 7.89 − −
13 12 21.88 +29 09 34.30 19.43±0.03 17.32±0.02 16.38±0.01 15.34±0.00 14.78±0.01 14.27±0.01 14.00±0.03 13.68±0.03 L0 9.48 − −
13 12 23.61 +31 55 00.94 20.23±0.05 18.14±0.05 17.27±0.01 16.20±0.01 15.57±0.01 15.07±0.01 14.74±0.03 14.42±0.05 L0.5 2.39 − −
13 13 14.25 +25 19 03.42 20.54±0.05 18.57±0.04 17.65±0.02 16.45±0.01 15.68±0.01 15.06±0.01 14.88±0.03 14.70±0.05 L1.5 16.69 − −
13 13 40.96 –01 53 12.69 22.95±0.67 19.10±0.10 18.55±0.04 17.42±0.03 16.78±0.03 16.25±0.03 − − L0: 11.34 − −
13 14 15.52 –00 08 47.57 21.26±0.11 18.93±0.07 18.06±0.03 16.63±0.02 15.95±0.02 15.35±0.02 14.83±0.03 14.54±0.05 L3 13.95 L3.5 11
13 15 00.11 +00 14 37.38 20.97±0.09 18.94±0.08 17.97±0.03 16.86±0.02 16.30±0.03 15.81±0.03 15.52±0.04 15.23±0.09 L0 5.49 − −
13 15 33.95 +22 30 10.20 20.36±0.06 18.45±0.04 17.49±0.02 16.31±0.01 15.60±0.01 14.94±0.01 14.57±0.03 14.30±0.05 L2 2.05 − −
13 15 43.57 +23 34 58.07 19.90±0.03 17.82±0.02 17.02±0.01 15.86±0.01 15.21±0.01 14.65±0.01 14.39±0.03 14.14±0.04 L0.5 3.13 L1 12
13 15 45.53 +24 54 07.33 19.45±0.02 17.43±0.02 16.47±0.01 15.46±0.01 14.86±0.01 14.33±0.01 14.01±0.03 13.67±0.03 L0 4.97 L0 12
13 17 49.14 +04 48 14.34 20.34±0.06 18.19±0.04 17.46±0.02 16.04±0.01 15.19±0.01 14.46±0.01 13.96±0.03 13.67±0.03 L4 11.28 − −
13 19 39.15 +34 40 25.46 20.13±0.04 18.19±0.03 17.25±0.02 16.20±0.01 15.49±0.01 14.95±0.01 − − L0.5: 1.94 − −
13 19 40.26 +02 58 43.57 20.89±0.11 18.97±0.08 18.10±0.03 17.02±0.02 16.38±0.03 15.82±0.03 15.52±0.04 15.19±0.10 L0.5 0.9 − −
13 20 06.99 –02 41 31.30 21.41±0.14 19.38±0.11 18.38±0.04 17.36±0.02 16.71±0.02 16.22±0.03 15.92±0.05 15.61±0.12 L0 2.34 − −
13 20 19.60 +07 48 52.78 21.23±0.10 19.25±0.08 18.37±0.04 17.30±0.03 16.64±0.02 16.02±0.03 15.62±0.05 15.10±0.09 L1.5 10.02 L3 9
13 20 43.97 +04 09 06.44 19.52±0.03 17.44±0.02 16.47±0.01 15.18±0.01 14.36±0.00 13.64±0.00 13.18±0.02 12.93±0.03 L3.5 3.42 − −
13 20 44.27 +28 00 11.41 21.48±0.16 19.50±0.12 18.30±0.03 17.31±0.02 16.70±0.02 16.22±0.03 15.78±0.05 15.37±0.09 L0.5 13.68 − −
13 20 59.27 +33 01 11.28 20.94±0.08 18.84±0.06 17.98±0.03 17.01±0.02 16.38±0.03 15.88±0.03 15.51±0.04 15.22±0.08 L0 3.07 − −
13 21 16.96 +27 55 33.05 20.94±0.11 18.97±0.09 18.19±0.03 16.97±0.02 16.20±0.01 15.55±0.01 15.21±0.03 14.92±0.06 L2 4.17 L1.5 2
13 21 40.45 +07 57 44.84 20.23±0.06 18.37±0.05 17.45±0.02 16.31±0.01 15.56±0.01 14.95±0.01 14.55±0.03 14.23±0.05 L2 5.48 − −
13 22 56.92 +35 47 40.74 20.69±0.07 18.91±0.06 17.97±0.03 16.87±0.02 16.16±0.03 15.59±0.02 15.00±0.03 14.73±0.05 L2 18.36 − −
13 23 49.82 +23 21 32.98 21.38±0.10 19.17±0.06 18.40±0.04 17.29±0.02 16.68±0.02 16.07±0.02 15.65±0.04 15.48±0.10 L1 5.06 − −
13 24 42.02 +09 01 59.75 20.91±0.08 18.82±0.06 18.05±0.03 17.03±0.02 16.42±0.02 15.89±0.02 15.43±0.04 15.20±0.09 L0 7.13 − −
13 24 48.55 +09 29 03.09 21.58±0.13 19.13±0.07 18.15±0.03 17.18±0.02 16.42±0.02 15.88±0.02 15.36±0.04 15.03±0.07 L2 18.8 − −
13 24 56.96 +33 00 46.36 20.04±0.04 17.99±0.03 17.00±0.01 15.87±0.01 15.11±0.01 14.49±0.01 14.08±0.03 13.75±0.04 L2.5 3.07 − −
13 25 11.10 +05 17 03.41 19.27±0.02 17.25±0.02 16.23±0.01 15.15±0.00 14.49±0.00 13.88±0.00 13.58±0.03 13.30±0.03 L1 6.83 L1 12
13 26 29.65 –00 38 32.58 21.35±0.11 18.50±0.04 17.59±0.02 16.22±0.01 15.11±0.01 14.17±0.01 13.28±0.02 12.77±0.03 L7 109.51 L5.5 9
13 27 07.70 +13 00 54.74 21.00±0.10 18.94±0.06 18.09±0.03 17.02±0.02 16.46±0.02 15.92±0.02 15.60±0.04 15.37±0.09 L0 1.54 − −
13 27 15.13 +07 59 37.82 18.86±0.02 16.72±0.01 15.79±0.01 14.58±0.00 13.84±0.00 13.18±0.00 12.83±0.02 12.55±0.03 L2.5 4.9 − −
13 27 20.56 +10 11 38.55 22.66±0.32 19.73±0.11 18.81±0.06 17.48±0.03 16.58±0.02 15.83±0.02 15.25±0.04 14.80±0.06 L5 4.77 − −
13 27 30.88 +05 02 18.71 21.25±0.11 19.40±0.11 18.59±0.06 17.48±0.04 16.70±0.03 16.19±0.03 15.91±0.06 15.72±0.13 L0.5 6 L1 2
13 28 06.29 +02 32 02.52 20.76±0.09 18.76±0.08 17.98±0.02 16.88±0.02 16.07±0.02 15.49±0.02 15.23±0.04 15.03±0.07 L1 8.14 − −
13 28 40.72 +07 46 27.41 20.23±0.04 18.16±0.04 17.31±0.02 16.21±0.01 15.57±0.01 15.06±0.01 14.73±0.03 14.43±0.05 L0.5 1.18 − −
13 29 37.23 +03 57 29.66 19.85±0.04 17.81±0.03 16.97±0.01 15.93±0.01 15.31±0.01 14.74±0.01 14.43±0.03 14.08±0.04 L0 3.1 L0 13
13 29 39.33 +11 22 48.38 21.39±0.12 19.23±0.07 18.46±0.04 17.41±0.02 16.69±0.02 16.11±0.03 15.84±0.05 15.59±0.12 L0.5 2.56 − −
13 29 58.20 +12 42 15.42 20.07±0.04 18.21±0.03 17.32±0.02 16.31±0.01 15.70±0.01 15.20±0.01 14.69±0.03 14.42±0.05 L0 16.51 − −
13 31 11.65 +32 01 33.84 21.66±0.17 19.54±0.10 18.51±0.04 17.40±0.03 16.80±0.02 16.25±0.03 15.93±0.05 15.91±0.13 L0.5 7.97 L1.1 22
13 31 31.71 +12 25 30.71 20.94±0.09 18.78±0.05 17.83±0.03 16.71±0.01 16.03±0.02 15.45±0.01 15.19±0.04 14.97±0.08 L1 6.02 − −
13 31 32.80 +34 07 56.53 18.19±0.01 16.25±0.01 15.21±0.00 14.13±0.00 13.42±0.00 12.81±0.00 12.58±0.02 12.34±0.02 L1 10.1 − −
13 31 48.67 –01 17 00.67 20.28±0.06 17.54±0.03 16.50±0.01 15.33±0.01 14.67±0.00 14.05±0.01 13.44±0.02 13.15±0.03 L3.5 70.61 − −
13 31 57.91 +03 05 31.77 20.00±0.04 18.04±0.03 17.11±0.01 16.10±0.01 15.44±0.01 14.90±0.01 14.60±0.03 14.32±0.05 L0 1.61 L0 6
13 32 03.62 +25 03 27.72 20.80±0.08 18.83±0.06 17.97±0.03 16.87±0.02 16.16±0.02 15.58±0.02 15.30±0.04 14.99±0.07 L1 1.32 − −
13 32 28.48 +26 35 08.40 20.11±0.04 18.04±0.04 17.18±0.02 15.95±0.01 15.15±0.01 14.49±0.01 14.13±0.03 13.84±0.04 L2.5 2.47 L2 5
13 32 29.49 +29 19 00.46 20.77±0.10 18.67±0.06 17.67±0.02 16.69±0.02 16.17±0.02 15.62±0.02 15.19±0.04 14.93±0.07 L0 11.57 − −
13 33 45.20 –02 16 01.19 19.19±0.03 17.17±0.02 16.36±0.01 15.17±0.01 14.47±0.01 13.87±0.01 13.54±0.03 13.27±0.03 L1.5 2.59 L3 12
13 33 56.61 +10 26 03.32 21.21±0.11 19.07±0.07 18.19±0.03 17.24±0.02 16.68±0.02 16.14±0.02 15.57±0.04 15.25±0.09 L0 21.5 − −
13 34 24.58 +06 46 45.97 21.03±0.11 19.02±0.08 18.20±0.03 17.02±0.02 16.38±0.02 15.77±0.02 15.40±0.04 15.12±0.08 L1.5 1.69 − −
13 34 33.62 +30 20 10.18 21.25±0.14 19.22±0.11 18.50±0.05 17.32±0.03 16.71±0.03 16.23±0.03 − − L0: 3.35 − −
13 34 45.05 +00 01 11.83 21.01±0.09 19.06±0.07 18.29±0.03 17.26±0.02 16.55±0.02 16.02±0.03 15.51±0.04 15.02±0.07 L1 23.89 − −
13 35 17.19 +02 42 26.94 20.58±0.06 18.72±0.06 17.79±0.02 16.61±0.01 15.89±0.02 15.23±0.01 14.90±0.03 14.63±0.05 L1.5 5.19 − −
13 35 45.21 +09 56 27.56 21.20±0.09 19.16±0.07 18.29±0.03 17.19±0.02 16.51±0.02 15.95±0.02 15.51±0.04 15.21±0.09 L1 2.41 − −
13 36 09.79 +00 36 32.84 20.95±0.10 18.95±0.06 18.12±0.03 17.06±0.02 16.36±0.02 15.88±0.02 15.59±0.04 15.15±0.08 L0.5 3.76 − −
13 36 24.88 +25 40 37.25 21.63±0.14 19.14±0.08 18.23±0.03 16.93±0.02 16.12±0.02 15.48±0.02 14.86±0.03 14.63±0.05 L4 5.92 − −
13 36 55.02 +24 51 02.92 20.70±0.07 18.75±0.06 17.79±0.02 16.75±0.01 16.06±0.02 15.48±0.02 15.21±0.04 15.05±0.07 L0.5 3.76 M9 13
13 38 36.97 –02 29 10.70 22.14±0.28 19.54±0.15 18.56±0.06 17.37±0.03 16.81±0.04 16.37±0.05 15.78±0.05 15.62±0.12 L1 15.5 − −
13 38 47.03 +06 43 48.93 21.39±0.14 19.69±0.16 18.80±0.06 17.42±0.03 16.67±0.02 16.00±0.03 15.42±0.04 15.13±0.07 L3.5 10.6 L1 6
13 38 49.52 +04 37 29.25 18.14±0.01 16.22±0.01 15.28±0.00 14.10±0.00 13.33±0.00 12.71±0.00 12.44±0.02 12.23±0.02 L1.5 10.2 − −
13 38 49.56 +29 41 55.97 20.80±0.09 18.76±0.07 17.88±0.03 16.86±0.02 16.20±0.02 15.65±0.02 15.52±0.04 15.08±0.07 L0 4.61 − −
13 40 32.81 –02 06 50.91 22.18±0.33 19.47±0.14 18.76±0.05 17.30±0.03 16.47±0.03 15.73±0.02 15.20±0.03 14.95±0.07 L4.5 8.04 − −
13 41 31.33 +26 30 03.45 21.62±0.14 19.81±0.12 18.70±0.04 17.49±0.02 16.92±0.03 16.26±0.04 15.99±0.05 15.84±0.13 L1 7.58 − −
13 42 03.10 +13 40 21.95 21.37±0.19 18.86±0.10 18.43±0.04 16.92±0.02 15.98±0.01 15.16±0.01 14.45±0.03 14.10±0.04 L6 26.08 − −
13 42 28.34 –00 27 05.25 19.35±0.03 17.29±0.02 16.53±0.01 15.51±0.01 14.85±0.01 14.28±0.01 14.02±0.03 13.73±0.03 L0 3.38 L5.5 17
13 42 50.83 +04 32 14.95 20.79±0.07 18.88±0.06 17.81±0.02 16.79±0.02 16.05±0.01 15.49±0.02 − − L1: 4.63 M9 8
13 43 22.95 –01 08 44.07 21.18±0.14 19.16±0.09 18.48±0.03 17.43±0.02 16.71±0.02 16.22±0.03 − − L0: 4.25 − −
13 43 28.09 +27 07 46.51 20.79±0.08 18.91±0.07 18.05±0.03 17.04±0.03 16.43±0.03 15.92±0.03 15.43±0.04 15.21±0.08 L0 9.21 L1 12
13 43 28.93 +13 12 26.35 19.89±0.03 17.98±0.03 17.08±0.01 15.97±0.01 15.25±0.01 14.65±0.01 14.29±0.03 14.03±0.04 L1 3.93 − −
13 44 07.72 +36 04 54.15 21.11±0.11 19.43±0.11 18.49±0.05 17.44±0.04 16.68±0.04 16.11±0.03 15.85±0.04 15.63±0.1 L0.5 7.07 − −
13 44 14.90 +09 24 05.00 22.38±0.25 19.69±0.12 18.62±0.03 17.29±0.01 16.30±0.02 15.46±0.01 14.59±0.03 14.17±0.04 L7 16.58 − −
13 44 23.99 +28 06 03.86 22.31±0.27 19.33±0.10 18.40±0.03 17.19±0.02 16.72±0.03 16.13±0.03 15.61±0.04 15.44±0.1 L1 24.29 − −
13 45 06.83 +25 27 36.93 20.52±0.06 18.54±0.05 17.60±0.02 16.54±0.01 15.91±0.01 15.30±0.01 15.06±0.03 14.72±0.05 L0.5 1.65 BD candidate −
13 45 31.46 +00 15 51.34 20.49±0.18 18.53±0.12 18.23±0.04 16.95±0.03 16.15±0.02 15.58±0.02 15.23±0.04 14.91±0.07 L1.5 26.18 − −
13 46 07.37 +08 42 34.07 19.68±0.03 17.62±0.02 16.74±0.01 15.52±0.01 14.75±0.01 14.11±0.01 13.77±0.03 13.54±0.03 L2 4.04 − −
13 46 40.12 +07 59 24.07 21.11±0.11 19.07±0.08 18.25±0.04 17.14±0.02 16.37±0.02 15.82±0.02 15.51±0.04 15.28±0.08 L1 2.57 − −
13 46 48.01 +06 13 44.20 21.55±0.15 19.45±0.10 18.54±0.03 17.49±0.02 16.78±0.03 16.25±0.03 15.95±0.05 15.65±0.12 L0.5 1.24 L3 2
13 47 56.50 –01 03 35.40 21.22±0.13 19.44±0.11 18.55±0.03 17.49±0.02 16.78±0.02 16.22±0.03 16.15±0.06 15.79±0.13 L0 8.83 − −
13 48 03.84 +25 42 02.34 21.12±0.09 19.01±0.07 18.21±0.03 17.20±0.02 16.57±0.02 16.09±0.03 15.56±0.04 15.24±0.08 L0.5 12.25 L1 9
13 48 28.49 +13 22 46.49 21.32±0.11 19.21±0.07 18.44±0.03 17.41±0.02 16.71±0.02 16.18±0.02 15.89±0.05 15.92±0.14 L0 5.28 − −
13 48 38.64 +09 36 07.79 21.03±0.08 18.89±0.07 18.09±0.03 17.11±0.02 16.41±0.02 15.89±0.02 15.49±0.04 15.31±0.1 L0 4.8 − −
13 48 46.04 +03 53 50.99 18.65±0.02 16.55±0.01 15.72±0.01 14.60±0.00 13.81±0.00 13.18±0.00 12.90±0.02 12.65±0.03 L1.5 5.55 − −
13 49 01.20 +24 23 19.15 21.00±0.08 19.20±0.07 18.13±0.03 17.14±0.02 16.47±0.02 15.89±0.02 15.64±0.04 15.39±0.08 L0.5 5.53 − −
13 49 02.35 +31 12 21.56 20.98±0.09 19.12±0.07 17.97±0.03 16.70±0.01 16.02±0.02 15.34±0.02 14.79±0.03 14.45±0.05 L3 10.76 − −
13 49 21.74 +08 36 17.87 20.35±0.05 18.28±0.03 17.41±0.02 16.26±0.01 15.58±0.01 14.98±0.01 14.64±0.03 14.41±0.05 L1.5 2.2 − −
13 49 31.40 +29 45 53.51 19.94±0.05 17.86±0.04 16.96±0.01 15.66±0.01 14.87±0.01 14.14±0.01 13.70±0.03 13.42±0.03 L3.5 3.79 − −
13 49 36.37 +29 37 28.29 21.13±0.09 19.14±0.06 18.26±0.03 17.36±0.02 16.62±0.02 16.09±0.03 15.74±0.04 15.52±0.1 L0 4.95 L1.5 2
13 49 43.50 +31 47 44.96 21.68±0.14 19.57±0.11 18.62±0.04 17.38±0.03 16.59±0.03 16.02±0.03 15.50±0.04 15.30±0.08 L2.5 2.79 − −
13 50 26.11 +22 18 30.66 21.49±0.13 19.52±0.10 18.53±0.05 17.22±0.02 16.40±0.02 15.74±0.02 15.16±0.04 14.93±0.07 L3.5 2.4 − −
13 50 59.73 +29 11 59.05 21.22±0.14 19.14±0.10 18.50±0.04 17.31±0.03 16.42±0.02 15.80±0.02 15.41±0.04 15.26±0.07 L2.5 12.39 − −
13 50 59.92 +29 25 26.72 23.89±0.56 19.70±0.10 18.43±0.04 17.18±0.02 16.41±0.02 15.50±0.02 14.49±0.03 13.79±0.03 L8.5 91.38 − −
13 51 00.28 +12 57 14.15 21.19±0.09 19.11±0.07 18.24±0.03 17.17±0.02 16.40±0.02 15.80±0.02 − − L1.5: 1.6 − −
13 51 28.97 +27 23 55.03 21.32±0.11 19.47±0.10 18.37±0.03 17.05±0.02 16.05±0.02 15.23±0.01 14.67±0.03 14.40±0.04 L5 16.61 − −
13 51 42.45 +23 20 06.34 21.11±0.07 19.10±0.06 18.20±0.03 17.14±0.02 16.44±0.02 15.89±0.02 − − L1: 0.68 − −
13 51 54.78 +30 11 30.53 21.53±0.12 19.48±0.09 18.49±0.04 17.49±0.03 16.77±0.03 16.34±0.04 − − L0.5: 4.3 − −
13 52 37.71 +32 23 08.00 21.00±0.08 19.17±0.08 18.13±0.03 17.02±0.02 16.24±0.02 15.61±0.02 15.28±0.04 15.09±0.07 L1.5 6.23 L0 12
13 52 38.64 +32 40 02.41 20.09±0.04 17.96±0.03 17.09±0.01 16.04±0.01 15.42±0.01 14.88±0.01 14.64±0.03 14.40±0.04 L0 5.2 M9 2
13 53 48.63 +23 25 03.65 20.50±0.05 18.60±0.05 17.53±0.02 16.36±0.01 15.66±0.01 15.00±0.01 14.72±0.03 14.44±0.05 L2 7.57 − −
13 54 12.14 +34 39 31.17 21.10±0.08 18.98±0.05 18.26±0.04 17.21±0.04 16.64±0.04 16.02±0.03 15.51±0.04 15.10±0.07 L1 22.86 − −
13 54 38.42 +08 29 01.80 21.44±0.11 19.35±0.08 18.56±0.04 17.47±0.03 16.83±0.04 16.20±0.04 15.91±0.05 15.75±0.11 L0.5 2.08 − −
13 54 44.70 +31 47 25.15 21.43±0.16 20.04±0.19 18.81±0.05 17.50±0.03 16.45±0.03 15.63±0.02 15.10±0.03 14.72±0.06 L5 26.38 − −
13 55 56.13 +08 50 54.39 21.83±0.16 19.73±0.11 18.67±0.05 17.30±0.02 16.38±0.02 15.63±0.01 14.84±0.03 14.62±0.05 L5.5 5.39 − −
13 56 37.55 +23 54 29.28 20.14±0.04 18.23±0.03 17.29±0.02 16.29±0.01 15.65±0.01 15.07±0.01 14.77±0.03 14.50±0.05 L0 2.68 − −
13 57 02.50 +13 09 43.14 20.54±0.05 18.44±0.04 17.59±0.02 16.36±0.01 15.64±0.01 14.99±0.01 14.72±0.03 14.45±0.04 L2 5.94 L4 9
13 57 11.15 +10 03 01.54 21.51±0.12 19.46±0.10 18.49±0.03 17.48±0.03 16.75±0.03 16.16±0.03 15.90±0.05 15.71±0.12 L1 3.44 − −
13 57 12.43 +14 28 39.89 19.61±0.03 17.63±0.02 16.71±0.01 15.42±0.01 14.60±0.00 13.86±0.00 13.37±0.03 13.00±0.03 L3.5 8.22 − −
13 57 52.10 +02 28 05.69 20.87±0.10 19.08±0.10 18.32±0.04 17.21±0.03 16.56±0.03 16.03±0.03 15.73±0.05 15.53±0.10 L0 6.56 L1 2
13 58 23.07 +28 21 53.53 21.44±0.14 19.34±0.09 18.27±0.04 17.15±0.02 16.44±0.02 15.83±0.02 15.45±0.04 15.16±0.07 L2 3.49 − −
13 59 53.95 +23 40 17.10 21.11±0.09 19.13±0.07 18.33±0.03 17.03±0.02 16.28±0.02 15.62±0.02 15.28±0.04 14.94±0.07 L2.5 5.15 − −
13 59 55.16 +32 47 18.55 19.44±0.02 17.35±0.02 16.43±0.01 15.41±0.01 14.86±0.01 14.35±0.01 14.00±0.03 13.69±0.03 L0 6.46 L0 12
14 00 21.66 +32 21 06.39 21.22±0.11 19.35±0.11 18.45±0.04 17.33±0.03 16.62±0.03 16.04±0.03 15.88±0.05 15.72±0.11 L0.5 7.48 − −
14 00 35.66 +07 47 20.19 19.41±0.02 17.43±0.02 16.44±0.01 15.44±0.01 14.87±0.01 14.38±0.01 14.10±0.03 13.70±0.03 L0 8.24 − −
14 01 22.49 +29 54 34.75 20.40±0.06 18.44±0.05 17.71±0.02 16.54±0.01 15.87±0.01 15.21±0.01 14.87±0.03 14.61±0.05 L1 8.73 − −
14 01 52.44 +09 07 33.14 22.31±0.25 19.66±0.13 18.64±0.04 17.32±0.02 16.40±0.01 15.63±0.01 14.99±0.03 14.82±0.06 L5 6.2 − −
14 02 22.39 +06 48 48.20 17.63±0.01 15.62±0.01 14.65±0.00 13.64±0.00 12.99±0.00 12.47±0.00 12.17±0.02 11.87±0.02 L0.5 3.52 L1 8
14 02 31.60 +01 48 30.17 19.53±0.03 17.50±0.02 16.54±0.01 15.40±0.01 14.69±0.01 14.12±0.01 13.84±0.03 13.52±0.03 L1.5 4.24 M9 6
14 03 08.36 +00 39 27.55 21.28±0.10 18.99±0.07 18.29±0.03 17.11±0.02 16.42±0.02 15.85±0.03 15.48±0.04 15.36±0.09 L1 6.93 − −
14 04 12.19 +13 39 22.02 20.23±0.05 18.21±0.04 17.45±0.01 16.42±0.01 15.75±0.01 15.20±0.01 14.91±0.03 14.69±0.05 L0 3.36 L1 8
14 04 12.29 –00 44 48.84 20.81±0.07 18.85±0.05 17.82±0.03 16.86±0.02 16.22±0.02 15.65±0.02 − − L0: 4.26 M9 13
14 04 41.70 +02 35 47.70 19.67±0.03 17.55±0.03 16.62±0.01 15.57±0.01 15.03±0.01 14.48±0.01 14.23±0.03 13.96±0.04 L0 9.35 − −
14 06 12.41 +03 48 09.81 21.71±0.18 19.44±0.12 18.40±0.03 17.38±0.02 16.69±0.03 16.21±0.03 − − L0.5: 6.32 − −
14 06 34.91 +11 02 59.63 21.55±0.12 19.33±0.07 18.49±0.03 17.30±0.02 16.72±0.03 16.17±0.03 15.78±0.05 15.70±0.10 L1 7.03 − −
14 06 48.27 +07 18 31.43 20.95±0.08 18.86±0.06 18.01±0.03 17.00±0.02 16.37±0.02 15.87±0.02 15.43±0.04 15.19±0.08 L0 4.14 − −
14 07 00.49 –01 57 33.61 20.73±0.09 18.59±0.06 17.89±0.02 16.85±0.01 16.13±0.02 15.58±0.02 15.27±0.04 15.12±0.09 L0 6.07 − −
14 07 51.28 +05 49 26.41 20.45±0.07 18.50±0.06 17.80±0.02 16.62±0.02 15.86±0.01 15.23±0.01 14.85±0.03 14.54±0.05 L1.5 12.58 − −
14 07 53.45 +12 41 10.41 20.04±0.04 17.70±0.02 16.74±0.01 15.33±0.00 14.39±0.00 13.63±0.00 13.06±0.02 12.77±0.02 L5.5 8.78 L5 9
14 08 18.87 +06 49 53.25 19.48±0.03 17.44±0.03 16.83±0.01 15.65±0.01 14.90±0.01 14.32±0.01 13.98±0.03 13.72±0.03 L1 19.63 L1 12
14 08 28.69 +10 58 01.17 20.76±0.06 18.78±0.05 17.87±0.02 16.86±0.01 16.25±0.02 15.69±0.02 15.43±0.04 15.13±0.07 L0 0.96 L0.5 2
14 09 21.36 +08 18 35.55 20.99±0.08 19.01±0.06 18.10±0.03 16.94±0.02 16.15±0.02 15.56±0.01 15.27±0.03 15.09±0.07 L1.5 6.19 − −
14 10 11.10 +13 29 00.72 20.67±0.06 18.38±0.05 17.66±0.02 16.70±0.01 15.96±0.01 15.42±0.01 15.18±0.03 15.04±0.07 L0 13.32 L4 10
14 10 14.06 +13 55 47.36 20.97±0.09 18.92±0.06 17.95±0.02 16.79±0.01 16.16±0.01 15.57±0.01 15.27±0.04 15.06±0.07 L1 4.31 − −
14 11 42.23 +05 43 41.36 20.46±0.06 18.53±0.06 17.60±0.02 16.57±0.02 15.94±0.02 15.46±0.02 15.06±0.03 14.90±0.06 L0 3.34 − −
14 12 03.86 +12 16 09.95 20.93±0.09 18.62±0.05 17.54±0.02 16.33±0.01 15.85±0.01 15.43±0.02 14.77±0.03 14.49±0.05 L1.5 52.93 − −
14 14 05.69 +01 07 09.30 21.39±0.14 19.10±0.09 18.12±0.04 16.79±0.02 15.96±0.02 15.20±0.01 14.66±0.03 14.45±0.05 L4 3.93 L 11
14 15 41.95 +03 17 20.48 21.35±0.22 19.07±0.12 18.55±0.03 17.35±0.03 16.62±0.04 15.97±0.03 15.78±0.04 15.44±0.09 L1.5 11.44 − −
14 16 14.96 +00 07 11.66 20.87±0.09 19.12±0.08 18.16±0.04 16.93±0.02 16.23±0.03 15.66±0.02 15.34±0.04 15.03±0.08 L1.5 5.64 − −
14 16 26.73 –02 31 12.69 21.47±0.12 19.47±0.10 18.46±0.03 17.35±0.02 16.71±0.03 16.17±0.03 15.72±0.04 15.60±0.12 L1 3.82 − −
14 16 29.63 +04 03 02.31 21.34±0.16 19.43±0.14 18.52±0.03 17.34±0.02 16.71±0.04 16.12±0.04 15.64±0.04 15.47±0.1 L1.5 2.95 − −
14 17 10.02 +13 17 37.11 21.09±0.10 18.92±0.08 18.05±0.03 16.69±0.01 15.91±0.01 15.21±0.01 14.59±0.03 14.25±0.04 L4 3.62 − −
14 18 34.96 +09 29 22.72 20.58±0.06 18.72±0.05 17.76±0.02 16.61±0.01 15.90±0.01 15.31±0.01 14.98±0.03 14.74±0.06 L1.5 4.07 − −
14 20 17.83 +12 07 53.49 20.40±0.07 18.32±0.05 17.78±0.02 16.55±0.01 15.89±0.01 15.35±0.01 14.82±0.03 14.58±0.05 L1 25.28 − −
14 21 12.17 +01 43 30.85 21.07±0.15 19.29±0.17 18.57±0.06 17.38±0.04 16.65±0.03 16.07±0.03 15.59±0.04 15.24±0.09 L2 9.46 − −
14 22 06.03 +07 20 47.51 19.90±0.04 17.95±0.04 17.15±0.02 16.13±0.01 15.44±0.01 14.91±0.01 14.61±0.03 14.29±0.04 L0 4.46 M9 13
14 22 57.11 +08 27 50.39 18.99±0.02 17.04±0.02 16.24±0.01 15.01±0.00 14.27±0.00 13.61±0.00 13.23±0.02 12.97±0.03 L2 7.86 L3 2
14 23 00.38 +04 10 26.40 21.59±0.25 19.14±0.13 18.82±0.08 17.39±0.04 16.55±0.03 15.80±0.03 15.45±0.04 15.27±0.08 L3 18.61 − −
14 24 38.99 +09 17 09.45 20.17±0.06 17.92±0.03 17.05±0.01 15.67±0.00 14.80±0.00 14.07±0.00 − − L4.5: 2.04 L4 25
14 24 52.43 +01 31 02.22 20.08±0.05 17.99±0.04 17.03±0.02 15.95±0.01 15.28±0.01 14.69±0.01 14.16±0.03 13.81±0.04 L2 11.84 − −
14 25 15.10 +07 34 48.16 21.22±0.11 19.63±0.13 18.44±0.03 17.13±0.01 16.33±0.02 15.60±0.02 15.20±0.03 14.89±0.06 L3 12.12 − −
14 25 48.49 –01 26 54.11 20.79±0.09 18.78±0.06 17.84±0.02 16.83±0.01 16.18±0.02 15.62±0.02 15.43±0.04 15.10±0.08 L0 2.6 − −
14 28 28.59 +01 24 03.23 20.82±0.08 18.79±0.06 17.83±0.03 16.92±0.02 16.25±0.02 15.75±0.02 15.31±0.04 15.04±0.08 L0 7.52 − −
14 28 36.68 +09 59 22.50 21.21±0.10 19.03±0.07 18.24±0.03 17.08±0.01 16.42±0.02 15.85±0.02 15.53±0.04 15.31±0.08 L1 2.37 − −
14 29 19.39 –02 08 50.56 21.30±0.14 19.21±0.10 18.57±0.03 17.22±0.02 16.25±0.02 15.55±0.02 15.08±0.03 14.74±0.07 L4 14.28 − −
14 30 54.85 +00 01 24.39 21.14±0.11 19.07±0.07 18.18±0.04 17.17±0.03 16.52±0.03 16.10±0.04 15.67±0.04 15.45±0.12 L0 3.97 − −
14 31 34.62 +04 10 27.63 19.81±0.03 17.80±0.03 16.94±0.02 15.92±0.01 15.29±0.01 14.75±0.01 14.40±0.05 14.14±0.06 L0 0.87 − −
14 33 12.08 +01 53 29.04 21.39±0.14 19.39±0.12 18.33±0.04 17.32±0.03 16.74±0.04 16.13±0.04 15.77±0.04 15.86±0.16 L0.5 7.63 − −
14 35 35.74 –00 43 47.90 20.51±0.06 18.50±0.04 17.53±0.03 16.44±0.02 15.69±0.01 15.13±0.02 14.85±0.03 14.57±0.05 L1 4.69 L2.5 9
14 36 15.63 +11 08 18.11 20.40±0.04 18.44±0.04 17.42±0.02 16.34±0.01 15.57±0.01 15.00±0.01 14.74±0.03 14.51±0.05 L1.5 8.6 − −
14 36 15.76 +07 20 56.89 22.17±0.25 19.53±0.10 18.52±0.04 17.10±0.02 16.18±0.02 15.53±0.02 14.74±0.03 14.36±0.05 L6 4.32 L2 2
14 37 18.62 +04 25 04.67 20.81±0.07 18.72±0.06 17.76±0.02 16.86±0.02 16.16±0.02 15.57±0.02 − − L0: 6.25 − −
14 37 28.76 –00 12 00.23 20.98±0.10 18.99±0.09 18.22±0.04 17.05±0.02 16.26±0.02 15.59±0.02 15.24±0.04 14.89±0.06 L2 4.91 − −
14 38 40.96 –00 56 59.25 21.31±0.14 19.34±0.10 18.52±0.04 17.25±0.02 16.61±0.02 15.98±0.02 15.56±0.04 15.26±0.08 L2 2.62 − −
14 38 41.52 +01 22 45.54 20.34±0.05 18.25±0.04 17.38±0.02 16.34±0.01 15.74±0.02 15.25±0.02 14.94±0.03 14.62±0.05 L0 2.73 − −
14 39 04.68 +02 05 26.82 19.91±0.04 17.95±0.04 17.05±0.02 16.09±0.01 15.42±0.01 14.85±0.01 14.60±0.03 14.41±0.05 L0 4.25 L0 13
14 39 11.85 +08 23 15.69 19.49±0.03 17.41±0.02 16.54±0.01 15.35±0.00 14.69±0.01 14.09±0.01 13.69±0.03 13.41±0.03 L1.5 1.54 L1 8
14 39 33.43 +03 17 59.35 20.29±0.06 18.21±0.04 17.31±0.02 16.16±0.01 15.38±0.01 14.73±0.01 14.44±0.03 14.22±0.04 L2 5.58 L1 2
14 40 01.76 +00 21 45.83 20.17±0.05 18.07±0.03 17.09±0.02 15.91±0.01 15.15±0.01 14.56±0.01 14.12±0.03 13.81±0.04 L2.5 2.93 L1 23
14 40 16.21 +00 26 39.23 20.29±0.05 18.23±0.03 17.29±0.02 16.03±0.01 15.29±0.01 14.74±0.01 14.29±0.03 14.03±0.04 L2.5 4.97 L3 8
14 40 30.22 +12 33 33.34 18.20±0.01 16.25±0.01 15.31±0.00 14.36±0.00 13.69±0.00 13.13±0.00 12.86±0.02 12.64±0.02 L0 3.66 − −
14 40 52.20 +05 24 45.56 21.47±0.15 19.19±0.09 18.60±0.05 17.30±0.03 16.47±0.02 15.86±0.02 15.45±0.04 15.16±0.07 L2.5 8.09 M9 24
14 42 20.95 +08 49 45.97 22.06±0.21 19.49±0.09 18.60±0.03 17.30±0.02 16.43±0.01 15.71±0.01 15.21±0.03 14.93±0.06 L4 3.85 − −
14 43 36.83 +00 54 49.02 20.93±0.10 19.18±0.10 18.43±0.04 17.22±0.03 16.34±0.02 15.74±0.02 15.31±0.04 15.11±0.07 L2 16.77 − −
14 46 00.70 +00 24 51.43 20.36±0.05 18.01±0.03 16.90±0.01 15.58±0.01 14.66±0.00 13.92±0.00 13.27±0.02 12.94±0.03 L5.5 4.58 L6 8
14 46 05.19 +11 02 50.65 19.61±0.03 17.83±0.03 16.69±0.01 15.68±0.00 15.09±0.01 14.61±0.01 14.31±0.03 13.93±0.04 L0 19.06 − −
14 46 26.78 +07 34 05.89 20.95±0.08 18.81±0.05 17.97±0.03 16.77±0.01 16.14±0.01 15.61±0.02 15.28±0.03 15.07±0.06 L1 4.97 M9 2
14 48 22.29 +10 58 36.76 20.89±0.08 19.10±0.08 18.21±0.03 17.27±0.01 16.53±0.03 16.00±0.02 15.70±0.04 15.33±0.08 L0 9.07 − −
14 48 25.75 +10 31 58.12 19.22±0.02 16.90±0.01 15.80±0.01 14.42±0.00 13.51±0.00 12.67±0.00 11.91±0.02 11.50±0.02 L6.5 20 L3.5 9
14 49 40.57 +00 03 31.46 21.54±0.12 19.30±0.08 18.58±0.06 17.24±0.03 16.42±0.02 15.75±0.02 15.24±0.04 15.06±0.08 L3 4.61 − −
14 50 28.16 +32 33 14.82 20.19±0.05 18.25±0.04 17.37±0.02 16.13±0.01 15.43±0.01 14.85±0.01 14.36±0.03 14.02±0.03 L2 6.41 L1.5 2
14 51 04.73 +06 35 15.44 21.33±0.11 19.28±0.07 18.30±0.04 17.02±0.02 16.41±0.02 15.95±0.03 15.43±0.04 15.24±0.08 L1.5 11.96 − −
14 51 14.91 +04 04 38.01 21.60±0.16 19.46±0.13 18.46±0.05 17.44±0.04 16.76±0.04 16.16±0.04 15.89±0.05 15.61±0.1 L1 2.88 − −
14 51 47.92 +10 05 05.73 21.01±0.08 18.82±0.06 18.14±0.02 17.04±0.01 16.41±0.02 15.89±0.02 15.59±0.04 15.48±0.09 L0 6.62 − −
14 52 01.96 +11 14 56.91 19.78±0.03 17.65±0.02 16.77±0.01 15.57±0.00 14.87±0.01 14.28±0.01 13.92±0.03 13.62±0.03 L2 3.81 L2 2
14 54 50.22 +10 02 27.05 20.56±0.05 18.55±0.04 17.63±0.02 16.44±0.01 15.83±0.01 15.34±0.01 14.92±0.03 14.65±0.05 L1 5.28 − −
14 55 32.17 +06 23 13.26 21.02±0.12 19.20±0.10 18.32±0.03 17.18±0.02 16.44±0.02 15.82±0.01 15.56±0.04 15.28±0.09 L1.5 4.87 − −
14 56 17.12 +11 22 38.92 21.24±0.11 19.26±0.10 18.45±0.03 17.12±0.01 16.29±0.02 15.58±0.02 15.09±0.03 14.74±0.06 L3.5 5.75 L4 2
14 56 55.45 –02 05 59.06 21.16±0.14 19.13±0.11 18.55±0.05 17.25±0.03 16.49±0.03 15.84±0.02 15.40±0.04 15.20±0.1 L2.5 9.2 − −
14 56 58.18 +07 01 04.63 20.18±0.04 18.13±0.03 17.21±0.01 15.96±0.01 15.22±0.01 14.61±0.01 14.17±0.03 13.90±0.04 L2.5 1.08 − −
14 57 11.93 +12 56 01.71 21.40±0.12 19.43±0.10 18.42±0.03 17.16±0.02 16.43±0.02 15.71±0.02 15.21±0.03 14.83±0.06 L3.5 3.95 − −
14 57 42.92 +10 33 40.73 21.33±0.12 19.47±0.09 18.57±0.03 17.39±0.02 16.59±0.02 16.05±0.02 15.72±0.04 15.67±0.12 L1.5 8.13 − −
14 58 39.89 +10 29 31.08 21.49±0.11 19.36±0.07 18.39±0.03 17.25±0.02 16.68±0.02 16.11±0.02 15.65±0.04 15.43±0.09 L1 6.6 − −
14 59 49.60 +33 01 24.86 20.91±0.07 18.57±0.05 17.81±0.02 16.70±0.01 16.09±0.02 15.54±0.02 − − L0.5: 8.54 − −
15 00 10.74 +13 02 12.23 20.66±0.07 18.53±0.05 17.71±0.02 16.75±0.01 16.15±0.01 15.64±0.02 14.90±0.03 14.60±0.05 L1 53.62 − −
15 00 43.25 +00 09 23.06 20.84±0.06 18.87±0.05 17.95±0.02 16.90±0.01 16.30±0.02 15.73±0.02 − − L0: 0.9 − −
15 01 03.62 +05 56 32.44 20.95±0.12 19.14±0.13 18.50±0.04 17.09±0.02 16.11±0.02 15.37±0.02 14.66±0.03 14.29±0.04 L5 41.27 − −
15 02 07.06 –02 20 21.37 20.98±0.10 18.86±0.07 18.04±0.02 17.00±0.02 16.40±0.02 15.90±0.03 15.43±0.04 15.05±0.08 L0.5 9.33 − −
15 02 16.49 +08 03 34.19 20.08±0.04 18.16±0.03 17.18±0.02 16.12±0.01 15.43±0.01 14.94±0.01 14.67±0.03 14.46±0.05 L0.5 6.99 − −
15 02 21.19 +02 11 23.72 21.01±0.10 19.08±0.09 18.30±0.03 17.21±0.02 16.49±0.02 15.93±0.03 15.62±0.05 15.36±0.1 L0.5 3.33 L0 2
15 02 26.06 +08 04 21.67 19.82±0.04 17.80±0.03 17.01±0.01 15.82±0.01 15.10±0.01 14.49±0.01 14.18±0.03 13.91±0.03 L1.5 3.7 L0.5 2
15 03 09.54 +11 53 23.58 20.32±0.04 18.21±0.04 17.32±0.01 16.14±0.01 15.42±0.01 14.80±0.01 14.51±0.03 14.25±0.04 L1.5 4.66 L2 2
15 04 03.41 –00 09 20.57 21.02±0.08 − 17.97±0.02 17.03±0.02 16.38±0.02 15.82±0.03 15.5±0.04 15.54±0.13 L0 8.02 − −
15 05 31.70 +01 02 32.73 22.48±0.28 19.56±0.10 18.64±0.04 17.44±0.02 16.87±0.03 16.43±0.05 15.70±0.05 15.64±0.12 L1.5 27.37 − −
15 06 46.72 +30 38 48.48 21.26±0.10 19.39±0.08 18.75±0.05 17.39±0.03 16.62±0.03 15.93±0.03 15.65±0.04 15.26±0.07 L2 16.94 − −
15 09 27.84 +03 44 49.76 − − 18.81±0.05 17.25±0.03 16.18±0.02 15.26±0.02 14.6±0.03 14.21±0.05 L7: 34.52 − −
15 11 14.52 +06 07 41.13 21.26±0.11 18.53±0.05 17.22±0.02 15.88±0.01 15.18±0.01 14.44±0.01 13.67±0.03 13.22±0.03 L9 22.58 − −
15 11 34.48 +10 38 28.81 21.13±0.09 18.94±0.06 18.12±0.03 17.00±0.01 16.28±0.02 15.77±0.02 15.47±0.04 15.25±0.09 L1 4.62 − −
15 11 45.75 –02 17 26.60 21.87±0.23 19.45±0.12 18.58±0.04 17.42±0.04 16.78±0.04 16.24±0.04 15.97±0.05 15.65±0.16 L1 4.92 T0 17
15 13 25.75 +11 59 12.30 20.99±0.10 19.12±0.08 18.31±0.03 17.19±0.01 16.59±0.02 16.11±0.02 15.53±0.04 15.20±0.08 L0.5 18.38 − −
15 13 55.05 –01 33 00.63 21.08±0.10 18.71±0.07 17.90±0.03 16.76±0.02 16.07±0.02 15.47±0.02 15.16±0.04 14.98±0.09 L1.5 8.49 − −
15 14 59.99 +08 05 40.89 20.45±0.05 18.40±0.04 17.59±0.02 16.50±0.01 15.86±0.01 15.32±0.01 15.05±0.04 14.96±0.07 L0 5.37 L0.5 2
15 16 42.99 +30 53 44.52 22.78±0.40 19.29±0.11 17.96±0.02 16.77±0.02 16.00±0.02 15.16±0.01 14.14±0.03 13.40±0.03 L8.5 82.12 − −
15 16 49.85 +08 36 07.14 22.29±0.24 19.72±0.10 18.74±0.04 17.35±0.02 16.71±0.03 16.26±0.03 15.67±0.05 15.43±0.1 L2.5 23.74 T0.5 9
15 17 38.34 –01 03 13.53 21.17±0.10 19.04±0.07 18.21±0.04 17.18±0.02 16.47±0.02 15.96±0.02 15.75±0.04 15.52±0.11 L0 4.09 − −
15 18 21.34 +08 55 17.52 21.92±0.20 19.33±0.09 18.62±0.03 17.42±0.01 16.53±0.02 15.78±0.02 − − L4: 7.42 − −
15 19 20.46 –00 26 46.94 21.54±0.14 19.40±0.09 18.54±0.05 17.48±0.03 16.87±0.03 16.34±0.03 15.98±0.05 15.92±0.16 L0 2.55 − −
15 20 55.54 +11 03 52.60 21.58±0.11 19.31±0.08 18.45±0.04 17.29±0.02 16.59±0.03 15.96±0.02 15.61±0.04 15.53±0.11 L1.5 5.96 − −
15 21 02.83 –00 08 35.19 20.75±0.07 18.70±0.06 17.90±0.03 16.74±0.02 16.00±0.01 15.39±0.01 15.15±0.03 15.04±0.08 L1 8.6 − −
15 22 32.58 +09 07 13.78 21.05±0.08 18.97±0.06 18.08±0.02 17.02±0.01 16.42±0.02 15.76±0.02 15.46±0.04 15.13±0.08 L1 3.37 − −
15 22 58.78 +02 50 29.10 21.51±0.17 19.12±0.09 18.06±0.03 17.01±0.02 16.19±0.03 15.62±0.02 15.11±0.03 14.93±0.07 L2.5 11.05 − −
15 23 14.47 +10 52 59.08 20.14±0.03 18.02±0.03 17.08±0.01 15.94±0.01 15.20±0.01 14.62±0.01 14.18±0.03 13.94±0.04 L2 2.75 L0 2
15 24 28.03 +02 42 09.42 20.90±0.09 18.85±0.06 17.88±0.03 16.81±0.02 16.12±0.03 15.61±0.02 15.21±0.04 15.15±0.08 L1 6.19 BD candidate −
15 25 53.41 +05 59 57.70 21.57±0.13 19.28±0.08 18.40±0.03 17.27±0.02 16.69±0.02 16.25±0.02 15.87±0.05 15.59±0.10 L0 9.18 − −
15 25 53.94 –00 19 40.44 21.17±0.08 19.08±0.06 18.24±0.05 17.06±0.03 16.25±0.02 15.64±0.03 15.24±0.04 14.97±0.08 L2 2.28 − −
15 26 35.65 +09 38 21.93 21.18±0.11 19.41±0.10 18.24±0.02 17.11±0.01 16.32±0.02 15.72±0.02 15.36±0.04 15.20±0.08 L2 7.83 − −
15 26 47.51 +01 57 49.07 20.57±0.07 18.51±0.06 17.61±0.03 16.42±0.02 15.63±0.01 15.00±0.01 14.72±0.03 14.43±0.05 L2 4.3 − −
15 27 45.45 +02 36 58.73 21.14±0.11 19.10±0.08 18.19±0.04 17.10±0.03 16.45±0.02 15.92±0.02 15.52±0.04 15.45±0.11 L0.5 3.13 M9.5 2
15 28 28.39 –01 44 48.53 21.43±0.16 19.19±0.11 18.45±0.05 17.21±0.03 16.38±0.03 15.72±0.02 15.24±0.04 15.03±0.09 L3 2.47 − −
15 28 51.09 +11 06 20.53 21.42±0.11 19.62±0.10 18.60±0.05 17.42±0.02 16.73±0.03 16.09±0.03 15.51±0.04 15.29±0.08 L2.5 7.24 − −
15 29 14.63 +06 58 15.32 21.45±0.12 19.56±0.12 18.73±0.06 17.32±0.02 16.40±0.02 15.56±0.02 14.92±0.03 14.49±0.05 L5 21.44 − −
15 29 55.49 +05 23 29.20 21.22±0.09 19.21±0.08 18.39±0.03 17.17±0.02 16.38±0.01 15.74±0.01 15.44±0.04 15.04±0.07 L2 4.06 − −
15 30 12.83 +08 34 52.30 21.05±0.08 18.97±0.06 17.88±0.03 16.73±0.01 16.02±0.01 15.34±0.01 14.94±0.03 14.71±0.06 L2.5 6.43 − −
15 30 14.81 +00 18 14.86 21.32±0.13 19.07±0.09 18.46±0.03 17.43±0.02 16.72±0.02 16.12±0.02 15.78±0.05 15.42±0.12 L0.5 9.3 − −
15 31 08.88 +06 01 11.16 19.78±0.03 17.69±0.02 16.89±0.01 15.79±0.01 15.09±0.00 14.54±0.01 14.15±0.03 13.93±0.04 L1 2.92 − −
15 31 28.47 +07 37 55.06 21.18±0.10 18.91±0.07 17.85±0.02 16.61±0.01 16.02±0.01 15.45±0.01 15.03±0.03 14.65±0.06 L2 19.71 − −
15 31 56.74 +03 36 05.93 21.61±0.23 19.05±0.12 18.47±0.05 17.28±0.04 16.40±0.02 15.75±0.02 15.18±0.04 14.90±0.08 L3.5 9.22 L1 2
15 32 58.04 +30 46 11.32 21.37±0.10 19.47±0.08 18.49±0.04 17.30±0.02 16.59±0.03 16.01±0.03 15.69±0.04 15.46±0.08 L1.5 3.06 − −
15 34 10.68 +04 26 39.57 21.15±0.09 19.18±0.07 18.25±0.04 17.10±0.02 16.45±0.03 15.82±0.02 15.58±0.04 15.36±0.11 L1 2.51 L 11
15 36 59.37 +06 46 50.32 19.83±0.04 17.79±0.03 16.87±0.01 15.69±0.01 14.97±0.01 14.34±0.01 13.98±0.03 13.74±0.04 L2 1.58 L2 2
15 37 30.06 +05 46 28.07 21.43±0.14 19.30±0.09 18.61±0.04 17.24±0.02 16.29±0.02 15.54±0.01 14.81±0.03 14.53±0.05 L5 15.19 − −
15 39 02.00 +02 02 54.22 20.34±0.05 18.27±0.03 17.36±0.02 16.35±0.01 15.71±0.01 15.14±0.01 14.90±0.03 14.78±0.07 L0 6.12 − −
15 40 38.87 –00 12 56.78 21.29±0.10 18.78±0.06 17.84±0.02 16.63±0.02 15.81±0.01 15.17±0.01 14.47±0.03 14.16±0.05 L4 12.32 BD candidate −
15 41 06.54 +28 58 48.35 21.33±0.10 19.15±0.07 18.25±0.03 16.95±0.02 16.26±0.02 15.65±0.02 14.89±0.03 14.54±0.05 L3.5 17.54 L1 2
15 42 36.02 –00 45 46.58 21.47±0.14 18.85±0.06 18.07±0.02 16.82±0.02 16.20±0.02 15.64±0.02 15.09±0.04 14.97±0.07 L2 19.09 − −
15 42 37.57 –00 13 18.78 21.80±0.17 19.67±0.11 18.76±0.05 17.48±0.03 16.76±0.02 16.24±0.03 15.64±0.05 15.25±0.09 L2.5 8.11 L 11
15 43 53.01 –01 01 38.51 21.43±0.12 19.30±0.07 18.57±0.04 17.47±0.03 16.79±0.03 16.29±0.04 16.05±0.06 16.01±0.17 L0 4.69 − −
15 44 25.46 +07 50 57.28 20.88±0.08 18.88±0.06 17.94±0.03 16.64±0.01 15.75±0.01 15.02±0.01 14.56±0.03 14.30±0.05 L3.5 6.5 − −
15 44 32.74 +26 55 51.79 20.97±0.07 18.59±0.04 17.65±0.02 16.24±0.01 15.32±0.01 14.54±0.01 13.92±0.03 13.60±0.03 L5.5 2.78 − −
15 44 38.66 –00 00 10.31 19.95±0.04 17.95±0.03 17.14±0.02 16.01±0.01 15.32±0.01 14.69±0.01 14.28±0.03 14.06±0.04 L1.5 4.81 − −
15 44 41.59 +03 01 00.65 21.29±0.12 19.08±0.08 18.34±0.03 17.29±0.03 16.69±0.03 16.20±0.04 15.85±0.05 15.41±0.11 L0 5.23 − −
15 44 43.77 +03 30 57.39 21.45±0.15 19.38±0.15 18.23±0.03 17.19±0.03 16.45±0.02 15.81±0.03 15.44±0.04 15.09±0.08 L2 5.85 BD candidate −
15 45 02.85 +06 18 07.68 20.49±0.05 18.29±0.04 17.35±0.02 16.21±0.01 15.62±0.01 15.07±0.01 14.69±0.03 14.40±0.05 L1 10.61 L1 12
15 45 31.34 +26 45 36.17 20.91±0.07 18.70±0.05 17.76±0.02 16.47±0.01 15.73±0.01 15.00±0.01 14.49±0.03 14.16±0.04 L3.5 2.01 − −
15 47 15.94 –00 56 39.41 21.61±0.13 19.69±0.10 18.73±0.04 17.41±0.03 16.65±0.03 15.94±0.03 15.47±0.04 15.22±0.09 L3 3.07 − −
15 47 27.20 +03 36 36.36 20.02±0.04 18.15±0.03 17.18±0.01 15.94±0.01 15.07±0.01 14.37±0.01 13.99±0.03 13.65±0.04 L3 11.87 L2 8
15 47 40.16 +05 32 08.56 20.21±0.04 18.04±0.03 17.23±0.01 16.18±0.01 15.56±0.01 15.01±0.01 14.69±0.03 14.48±0.05 L0 4.44 BD candidate −
15 51 20.25 –01 42 33.32 21.08±0.10 18.78±0.07 18.05±0.02 16.85±0.02 16.12±0.02 15.51±0.02 15.16±0.04 14.79±0.07 L2 5.47 − −
15 51 34.18 –01 02 58.98 20.86±0.07 19.05±0.06 18.14±0.03 17.21±0.03 16.36±0.03 15.86±0.03 15.53±0.04 15.46±0.11 L0.5 13.62 − −
15 52 31.68 –00 52 10.15 21.52±0.13 19.28±0.07 18.25±0.03 16.90±0.02 16.07±0.02 15.41±0.02 14.84±0.03 14.57±0.06 L4 4.66 − −
15 53 04.92 +06 42 42.77 20.97±0.07 18.78±0.05 17.85±0.02 16.86±0.02 16.23±0.01 15.68±0.02 − − L0: 5.65 − −
15 53 18.26 +05 46 41.44 21.41±0.11 19.42±0.09 18.30±0.03 17.06±0.02 16.29±0.01 15.60±0.02 15.21±0.04 14.97±0.07 L3 5.58 − −
15 53 38.97 +09 12 58.18 21.26±0.12 19.46±0.13 18.63±0.04 17.43±0.02 16.75±0.02 16.16±0.03 15.76±0.05 15.44±0.11 L1.5 4.89 − −
15 53 46.48 +26 12 46.74 21.37±0.12 19.55±0.10 18.69±0.05 17.49±0.02 16.68±0.02 16.08±0.03 15.66±0.04 15.51±0.09 L2 5.69 − −
15 54 36.04 +27 24 47.43 20.69±0.06 18.38±0.04 17.47±0.02 16.15±0.01 15.27±0.01 14.61±0.01 13.96±0.03 13.65±0.03 L4.5 1.56 − −
15 59 02.29 +26 06 19.36 21.35±0.11 19.34±0.10 18.28±0.04 17.06±0.02 16.43±0.02 15.91±0.03 15.41±0.04 15.15±0.07 L1.5 8.9 − −
16 01 56.21 +29 37 16.26 20.34±0.04 18.16±0.04 17.33±0.02 16.37±0.01 15.78±0.01 15.31±0.01 14.76±0.03 14.58±0.05 L0 18.03 − −
16 03 11.96 +29 45 03.94 21.33±0.09 19.27±0.08 18.61±0.06 17.45±0.02 16.77±0.03 16.10±0.03 15.60±0.04 15.27±0.08 L2 15.34 − −
16 04 14.60 +28 05 35.12 20.85±0.06 18.89±0.05 17.91±0.03 16.92±0.01 16.22±0.02 15.62±0.02 15.39±0.04 15.67±0.11 L0 26.4 − −
16 06 28.99 +28 47 53.58 20.29±0.04 18.48±0.04 17.59±0.02 16.52±0.01 15.88±0.01 15.34±0.01 14.95±0.03 14.89±0.06 L0 11.22 M7 2
16 12 30.55 +28 00 10.85 20.49±0.05 18.42±0.04 17.50±0.02 16.54±0.01 15.91±0.02 15.36±0.02 15.14±0.03 14.83±0.06 L0 3.7 L2 2
16 12 50.06 +30 46 22.45 21.34±0.11 19.39±0.08 18.41±0.03 17.47±0.02 16.83±0.04 16.23±0.04 − − L0: 2.58 − −
16 16 26.45 +22 18 59.43 22.69±0.32 19.65±0.10 18.73±0.04 17.47±0.02 16.41±0.02 15.64±0.02 14.80±0.03 14.27±0.04 L7.5 15.17 L5 9
16 18 12.18 +22 10 07.18 21.67±0.12 19.53±0.08 18.44±0.04 17.47±0.02 16.72±0.03 16.06±0.02 15.84±0.04 15.71±0.11 L1 13.03 − −
16 18 32.53 +30 01 58.24 21.22±0.10 19.17±0.07 18.25±0.04 17.02±0.01 16.27±0.02 15.68±0.02 15.32±0.03 15.08±0.06 L2 2.64 − −
16 19 32.48 +26 05 33.44 21.40±0.10 19.34±0.06 18.29±0.04 17.17±0.02 16.42±0.02 15.91±0.03 15.20±0.03 14.87±0.06 L3 16.6 − −
16 21 19.61 +26 40 21.37 20.85±0.06 19.17±0.07 18.26±0.04 17.24±0.02 16.58±0.02 15.95±0.02 15.54±0.04 15.20±0.07 L0.5 22.4 − −
16 21 25.83 +23 29 21.67 20.68±0.07 18.68±0.05 17.84±0.02 16.77±0.01 16.10±0.02 15.50±0.02 15.19±0.03 14.93±0.06 L0.5 1.31 − −
16 23 07.25 +29 08 28.18 20.13±0.04 18.08±0.03 17.27±0.02 16.13±0.01 15.51±0.01 14.96±0.01 14.58±0.03 14.32±0.04 L0.5 2.33 − −
16 23 39.00 +25 35 11.37 21.88±0.15 19.76±0.11 18.56±0.04 17.13±0.02 16.00±0.01 15.16±0.01 14.54±0.16 14.21±0.04 L6.5 30.78 L4 2
16 25 23.93 +27 53 03.27 21.29±0.10 19.48±0.11 18.41±0.03 17.24±0.02 16.52±0.02 15.98±0.03 15.60±0.04 15.30±0.07 L1.5 3.21 − −
16 27 36.50 +27 42 00.14 20.50±0.05 18.52±0.04 17.57±0.02 16.51±0.01 15.90±0.02 15.31±0.02 14.93±0.13 14.59±0.04 L1 4.32 L1 2
16 28 55.58 +24 56 02.41 20.61±0.05 18.57±0.04 17.71±0.02 16.66±0.01 16.01±0.01 15.47±0.02 15.11±0.28 14.87±0.06 L0.5 0.89 L0.5 2
16 31 29.75 +26 11 19.78 20.81±0.06 18.78±0.05 17.94±0.03 16.77±0.01 16.16±0.02 15.61±0.02 15.21±0.03 15.05±0.06 L1 3.55 − −
16 32 22.03 +28 48 02.37 21.18±0.13 19.51±0.16 18.31±0.04 17.23±0.02 16.56±0.03 15.99±0.03 15.83±0.04 15.66±0.09 L0 10.38 − −
16 32 23.60 +28 39 55.96 20.95±0.10 18.77±0.08 17.96±0.03 16.86±0.02 16.14±0.02 15.61±0.02 15.16±0.03 14.89±0.05 L1.5 3.71 − −
16 33 47.28 +29 36 33.99 21.57±0.15 19.14±0.08 18.33±0.03 17.14±0.02 16.51±0.02 15.97±0.03 15.95±0.31 15.95±0.11 L0.5 30.95 − −
16 33 52.78 +30 52 22.82 20.78±0.10 18.65±0.06 17.79±0.02 16.62±0.01 15.88±0.02 15.26±0.02 14.89±0.14 14.71±0.04 L1.5 3.27 L2 2
16 35 04.24 +27 40 11.15 20.84±0.09 19.00±0.08 18.10±0.03 17.07±0.02 16.37±0.02 15.88±0.03 15.59±0.23 15.32±0.08 L0 2.49 − −
16 37 13.49 +30 38 08.63 21.90±0.22 19.81±0.13 18.60±0.04 17.36±0.03 16.66±0.03 16.15±0.03 15.51±0.13 15.31±0.07 L2.5 10.92 − −
16 38 36.80 +28 10 02.70 21.16±0.15 19.17±0.11 18.16±0.03 17.08±0.02 16.42±0.02 15.85±0.02 − − L1: 1.34 − −
16 39 11.54 +30 43 11.08 20.66±0.06 18.65±0.05 17.70±0.02 16.65±0.01 16.03±0.02 15.52±0.02 15.19±0.03 14.91±0.06 L0 2.79 − −
16 40 45.29 +32 22 32.57 20.63±0.06 18.57±0.04 17.87±0.02 16.52±0.01 15.71±0.01 14.98±0.01 14.49±0.12 14.24±0.04 L3 12.58 L2 2
16 41 31.56 +28 20 16.03 21.24±0.09 19.37±0.09 18.51±0.05 17.02±0.02 16.09±0.02 15.29±0.01 14.74±0.03 14.43±0.05 L4.5 23.86 − −
16 43 01.33 +32 24 07.51 20.64±0.06 18.39±0.04 17.30±0.01 16.39±0.01 15.78±0.02 15.29±0.02 − − L0: 27.52 − −
16 44 56.00 +31 12 28.41 20.58±0.05 18.33±0.03 17.48±0.02 16.54±0.01 15.89±0.01 15.34±0.01 14.89±0.03 14.56±0.05 L0.5 18.27 − −
16 45 22.02 +30 04 06.61 19.41±0.03 17.43±0.03 16.41±0.01 15.09±0.00 14.24±0.00 13.53±0.00 13.05±0.02 12.72±0.02 L4 9.62 L3 2
16 46 46.68 +29 31 30.51 20.59±0.09 18.64±0.08 17.87±0.02 16.83±0.01 16.18±0.01 15.63±0.02 15.14±0.03 14.80±0.06 L1 15.75 − −
16 47 18.24 +29 12 30.05 21.66±0.20 19.68±0.16 18.65±0.05 17.38±0.02 16.73±0.02 16.15±0.03 − − L2: 3.38 − −
16 47 42.14 +30 01 58.98 21.53±0.15 19.54±0.12 18.68±0.04 17.44±0.02 16.76±0.02 16.17±0.03 15.81±0.04 15.65±0.1 L1.5 2.32 − −
16 49 55.93 +31 28 52.91 21.43±0.12 19.60±0.13 18.71±0.04 17.30±0.02 16.33±0.01 15.57±0.02 15.07±0.03 14.77±0.05 L4.5 15.95 − −
20 44 29.15 +00 26 36.24 21.30±0.11 19.10±0.07 18.31±0.05 17.22±0.03 16.48±0.04 15.99±0.03 15.72±0.05 15.74±0.16 L0.5 7.44 − −
20 45 28.69 +00 57 35.21 21.48±0.17 19.27±0.10 18.56±0.05 17.32±0.03 16.79±0.04 16.16±0.03 15.84±0.05 15.86±0.17 L0.5 7.2 − −
20 48 39.38 +00 57 29.35 20.72±0.07 18.70±0.06 17.84±0.02 16.78±0.02 16.20±0.02 15.68±0.02 − − L0: 1.03 − −
20 55 48.07 –00 33 34.75 21.07±0.09 19.19±0.08 18.46±0.04 17.08±0.02 16.24±0.02 15.48±0.02 15.09±0.04 14.77±0.07 L3.5 17.69 − −
20 59 22.18 +00 58 24.89 21.07±0.09 19.15±0.07 18.37±0.05 17.36±0.03 16.63±0.03 16.06±0.03 15.89±0.05 15.67±0.13 L0 6.37 − −
20 59 58.07 –00 12 36.83 20.97±0.08 18.91±0.06 18.08±0.03 17.01±0.02 16.25±0.03 15.75±0.02 15.45±0.04 15.33±0.1 L0.5 4.26 − −
21 00 13.80 +00 52 42.81 21.55±0.13 19.32±0.08 18.58±0.07 17.46±0.04 16.64±0.03 16.10±0.03 15.70±0.05 15.53±0.11 L1.5 4.83 − −
21 00 38.42 –00 39 21.35 21.06±0.09 18.93±0.07 18.05±0.03 16.97±0.02 16.26±0.02 15.71±0.02 15.33±0.04 15.27±0.09 L1 5.07 − −
21 05 15.31 –00 37 01.38 20.66±0.07 18.61±0.05 17.72±0.03 16.58±0.02 15.89±0.02 15.27±0.01 14.96±0.04 14.74±0.06 L1.5 1.91 BD candidate −
21 06 07.14 –00 21 30.51 21.02±0.08 19.03±0.07 17.97±0.03 16.80±0.02 16.05±0.02 15.37±0.02 − − L2.5: 2.53 − −
21 10 45.63 +00 05 57.00 21.31±0.09 19.46±0.10 18.25±0.04 17.17±0.02 16.54±0.03 15.90±0.02 − − L1.5: 7.35 − −
21 13 37.68 –00 41 16.37 21.29±0.10 19.92±0.13 18.44±0.04 17.43±0.03 16.92±0.04 16.34±0.04 − − L0: 18.5 − −
21 18 46.81 –00 10 44.34 20.51±0.05 18.41±0.04 17.41±0.02 16.30±0.01 15.69±0.01 15.17±0.01 14.88±0.03 14.69±0.06 L0.5 11.77 L0 13
21 22 18.94 –00 57 45.23 21.60±0.14 19.41±0.10 18.51±0.05 17.24±0.03 16.43±0.03 15.75±0.02 15.31±0.04 14.96±0.08 L3 1.83 − −
21 34 55.38 +01 11 26.08 21.23±0.09 19.25±0.07 18.31±0.04 16.92±0.02 16.04±0.02 15.19±0.01 14.55±0.03 14.11±0.05 L5 19.16 − −
21 40 46.48 +01 12 57.55 20.67±0.06 18.37±0.04 17.35±0.02 16.10±0.01 15.35±0.01 14.63±0.01 14.08±0.03 13.83±0.04 L3.5 9.18 L3 8
21 45 33.99 +00 07 37.36 20.63±0.06 18.58±0.05 17.65±0.02 16.44±0.01 15.76±0.02 15.24±0.02 14.91±0.03 14.64±0.06 L1.5 5.63 − −
21 45 42.50 –00 27 56.30 21.40±0.12 19.35±0.09 18.46±0.05 17.32±0.03 16.61±0.03 16.01±0.03 15.72±0.05 15.71±0.15 L1 4.27 L2 2
21 46 23.86 –00 01 14.97 21.07±0.08 18.94±0.06 18.05±0.03 16.80±0.02 16.05±0.02 15.40±0.02 15.08±0.04 14.78±0.07 L2.5 3.98 − −
21 47 27.67 +01 01 04.03 18.45±0.01 16.47±0.01 15.48±0.00 14.52±0.00 13.92±0.00 13.37±0.00 13.06±0.02 12.73±0.03 L0 5.36 M9 8
21 48 50.88 –00 04 11.19 21.17±0.09 19.17±0.08 18.22±0.04 17.18±0.03 16.43±0.03 15.90±0.03 15.57±0.05 15.47±0.11 L1 3.77 − −
21 53 34.38 –01 04 38.53 20.84±0.08 19.05±0.08 18.10±0.04 17.07±0.03 16.36±0.03 15.82±0.03 15.66±0.05 15.50±0.12 L0 7.38 − −
21 55 29.05 +00 54 02.94 20.77±0.06 18.97±0.06 17.94±0.04 16.91±0.02 16.24±0.02 15.78±0.02 15.50±0.04 15.01±0.09 L0 9.78 − −
21 57 20.33 +01 29 55.92 20.72±0.07 18.72±0.06 18.02±0.04 16.97±0.02 16.16±0.03 15.54±0.02 15.31±0.04 15.07±0.08 L0.5 13.13 − −
21 58 17.71 +00 02 59.91 21.17±0.09 19.13±0.08 18.34±0.04 17.16±0.02 16.38±0.03 15.74±0.02 15.36±0.04 14.98±0.08 L2 3.54 L1.5 3
22 17 21.02 +04 35 58.76 19.82±0.05 18.21±0.06 17.57±0.02 16.33±0.01 15.57±0.01 14.87±0.01 14.52±0.03 14.23±0.05 L1.5 68.32 − −
22 19 25.49 +02 53 25.26 21.37±0.15 19.34±0.10 18.78±0.05 17.47±0.03 16.79±0.04 16.26±0.04 16.12±0.07 15.64±0.13 L0.5 13.6 − −
22 19 59.53 +04 51 33.30 20.45±0.06 18.38±0.04 17.54±0.02 16.43±0.01 15.82±0.02 15.22±0.01 14.89±0.03 14.78±0.06 L0.5 3.58 − −
22 20 00.34 +03 10 30.74 21.47±0.11 19.56±0.10 18.64±0.05 17.49±0.03 16.96±0.06 16.23±0.04 16.01±0.06 15.85±0.15 L0.5 4.72 − −
22 22 39.77 +00 58 54.53 22.61±0.30 19.74±0.11 18.77±0.05 17.23±0.03 16.52±0.03 15.84±0.03 15.38±0.04 15.00±0.08 L4 22.25 − −
22 26 29.70 +00 12 09.85 20.89±0.07 18.93±0.07 18.10±0.03 17.04±0.02 16.33±0.03 15.73±0.02 − − L0.5: 2.4 − −
22 27 36.45 +02 15 55.58 21.25±0.08 19.16±0.07 18.25±0.03 17.13±0.02 16.36±0.02 15.81±0.02 15.48±0.04 15.32±0.1 L1.5 3.67 − −
22 31 14.76 +07 44 59.15 20.53±0.06 18.43±0.05 17.51±0.02 16.40±0.01 15.83±0.01 15.35±0.01 15.00±0.04 14.74±0.07 L0 6.78 − −
22 34 35.78 +00 07 35.45 21.76±0.17 19.42±0.11 19.03±0.08 17.44±0.03 16.74±0.04 16.15±0.04 15.55±0.04 15.36±0.11 L3 17.88 − −
22 35 44.21 +04 40 59.51 20.77±0.07 18.80±0.06 17.87±0.03 16.66±0.02 15.90±0.01 15.30±0.01 14.94±0.04 14.72±0.07 L2 2.62 − −
22 35 52.26 +04 18 54.92 19.94±0.05 17.60±0.03 16.56±0.01 15.28±0.01 14.45±0.00 13.79±0.00 13.24±0.03 12.98±0.03 L4 12.42 − −
22 36 36.89 +01 11 32.36 21.79±0.14 19.63±0.09 18.45±0.04 17.11±0.02 16.24±0.02 15.47±0.02 14.93±0.04 14.65±0.07 L5 7.98 − −
22 37 10.36 +05 50 58.51 21.47±0.13 19.42±0.10 18.56±0.04 17.41±0.03 16.74±0.03 16.22±0.04 16.01±0.06 15.53±0.15 L0.5 3.45 − −
22 37 17.57 +06 53 21.39 21.37±0.09 19.33±0.09 18.46±0.04 17.37±0.03 16.74±0.03 16.14±0.03 15.85±0.05 15.79±0.19 L0.5 1.5 − −
22 37 56.92 +07 16 56.85 22.79±0.33 19.97±0.13 18.87±0.06 17.49±0.03 16.45±0.02 15.66±0.02 14.87±0.04 14.45±0.07 L7 7.66 − −
22 39 18.39 +03 59 10.09 21.02±0.16 18.91±0.09 18.14±0.03 16.80±0.01 15.89±0.01 15.19±0.01 14.60±0.03 14.30±0.06 L4 5.84 − −
22 39 33.54 +08 46 56.60 20.19±0.06 18.35±0.05 17.58±0.02 16.40±0.01 15.57±0.01 14.92±0.01 14.61±0.03 14.47±0.06 L1.5 20.64 − −
22 41 05.57 +02 30 50.12 21.00±0.08 18.95±0.07 18.14±0.03 17.14±0.02 16.42±0.02 15.89±0.02 − − L0: 1.7 − −
22 41 30.00 +07 33 14.10 21.76±0.18 19.82±0.13 18.79±0.06 17.43±0.03 16.51±0.02 15.79±0.03 15.31±0.04 15.10±0.09 L4 6.97 − −
22 41 31.55 +08 01 31.45 20.23±0.05 18.19±0.04 17.26±0.02 16.13±0.01 15.43±0.01 14.82±0.01 14.49±0.03 14.34±0.05 L1.5 3.99 − −
22 41 47.75 +04 04 50.78 20.89±0.12 18.82±0.10 18.15±0.04 17.04±0.03 16.38±0.02 15.85±0.03 15.55±0.05 15.24±0.13 L0 2.89 − −
22 42 37.49 +09 25 39.20 21.88±0.17 20.18±0.20 18.90±0.07 17.45±0.03 16.61±0.02 15.88±0.02 15.27±0.04 14.93±0.07 L4.5 7.79 − −
22 43 25.00 +04 55 13.82 20.85±0.14 18.93±0.13 18.12±0.03 17.07±0.02 16.40±0.02 15.85±0.02 15.49±0.05 15.29±0.13 L0.5 1.98 − −
22 44 34.15 +01 25 00.86 20.51±0.06 18.57±0.05 17.65±0.02 16.64±0.01 15.95±0.01 15.36±0.01 15.03±0.04 14.76±0.08 L0.5 2.26 − −
22 45 23.08 +07 51 42.06 21.30±0.12 19.40±0.10 18.39±0.03 17.04±0.02 16.02±0.01 15.19±0.01 − − L5.5: 18.22 − −
22 46 49.06 –00 26 13.19 21.32±0.13 19.09±0.08 18.43±0.04 17.31±0.02 16.69±0.03 16.15±0.03 15.99±0.06 15.56±0.14 L0 6.09 − −
22 47 49.78 +05 32 07.92 22.08±0.23 19.58±0.12 18.60±0.04 17.46±0.03 16.90±0.04 16.43±0.04 16.06±0.06 16.01±0.19 L0 11.71 − −
22 49 40.14 –01 12 36.93 21.18±0.10 19.01±0.07 18.09±0.03 16.84±0.02 16.17±0.02 15.54±0.02 15.09±0.04 14.77±0.08 L2.5 3.18 − −
22 49 53.48 +00 44 04.80 21.58±0.15 18.86±0.06 17.81±0.03 16.48±0.01 15.35±0.01 14.43±0.01 13.61±0.03 13.12±0.03 L7 72.36 L3L5 8
22 50 16.39 +08 08 22.48 19.87±0.04 17.61±0.03 16.67±0.01 15.50±0.01 15.05±0.01 14.51±0.01 14.04±0.03 13.71±0.04 L1 31.76 − −
22 52 58.02 +02 09 32.10 20.62±0.07 18.55±0.05 17.74±0.02 16.76±0.01 16.13±0.01 15.56±0.02 15.16±0.04 15.11±0.11 L0 6.37 − −
22 55 14.90 –01 11 51.66 20.60±0.06 18.54±0.05 17.60±0.02 16.58±0.01 15.86±0.01 15.29±0.01 15.05±0.04 14.81±0.08 L0.5 3.88 L0.5 2
22 55 43.13 +10 47 08.81 20.99±0.11 18.80±0.07 17.91±0.03 16.74±0.02 16.02±0.02 15.42±0.02 15.00±0.04 14.86±0.08 L2 3.7 − −
22 56 28.58 +02 24 43.02 21.33±0.10 19.15±0.08 18.33±0.04 17.25±0.03 16.58±0.02 15.97±0.02 15.73±0.05 15.38±0.11 L1 2.68 − −
22 56 58.75 +09 52 53.52 21.51±0.17 19.09±0.07 18.30±0.04 17.34±0.02 16.68±0.04 16.20±0.03 15.72±0.05 15.61±0.14 L0 9.85 − −
22 57 50.94 +05 50 32.74 21.35±0.09 19.40±0.08 18.52±0.05 17.31±0.03 16.64±0.03 16.09±0.02 15.79±0.05 15.58±0.13 L1 2.77 − −
22 58 53.25 +11 48 50.09 20.46±0.09 18.16±0.06 17.40±0.01 16.30±0.01 15.67±0.01 15.09±0.01 14.78±0.03 14.72±0.07 L0.5 10.45 − −
23 00 43.07 +02 00 14.67 20.97±0.07 18.90±0.05 17.99±0.03 16.57±0.01 15.67±0.01 14.91±0.01 14.42±0.03 14.09±0.04 L4.5 9.67 − −
23 01 10.75 +07 45 59.97 19.70±0.03 17.81±0.03 16.71±0.01 15.60±0.01 14.88±0.01 14.24±0.01 13.90±0.03 13.60±0.03 L2 7.58 − −
23 01 17.67 +04 04 14.94 19.63±0.03 17.57±0.02 16.81±0.01 15.74±0.01 15.04±0.01 14.45±0.01 14.08±0.03 13.80±0.04 L0.5 7.07 − −
23 04 24.81 +13 01 11.37 21.14±0.11 18.96±0.07 18.00±0.02 16.69±0.01 15.93±0.02 15.20±0.02 14.69±0.03 14.54±0.05 L3.5 4.82 − −
23 05 24.10 +06 19 22.97 19.50±0.02 17.42±0.02 16.63±0.01 15.67±0.01 14.91±0.01 14.37±0.01 14.14±0.03 13.98±0.04 L0 10.4 − −
23 05 38.10 +05 24 07.28 20.97±0.16 18.82±0.08 17.96±0.02 16.57±0.01 15.67±0.01 14.93±0.01 14.43±0.03 14.09±0.04 L4.5 5.45 − −
23 06 51.67 +06 25 29.89 20.90±0.07 18.73±0.05 17.90±0.03 16.75±0.02 16.06±0.02 15.49±0.02 15.22±0.04 15.11±0.08 L1 7.61 − −
23 07 22.60 –00 57 46.71 21.68±0.17 19.67±0.13 18.63±0.05 17.46±0.03 16.90±0.03 16.60±0.04 16.10±0.06 15.64±0.15 L0 18.56 L1 3
23 08 07.04 +07 54 46.02 19.61±0.04 17.72±0.03 16.90±0.01 15.82±0.01 15.18±0.01 14.55±0.01 14.28±0.03 13.98±0.04 L0.5 6.93 − −
23 08 18.74 +06 29 51.42 17.62±0.01 15.47±0.01 14.37±0.00 13.49±0.00 12.85±0.00 12.35±0.00 − − L0.5: 27.83 − −
23 08 52.99 +02 50 51.99 19.98±0.04 18.16±0.03 17.34±0.02 16.08±0.01 15.20±0.01 14.50±0.01 14.15±0.03 13.92±0.04 L2.5 25.56 − −
23 09 27.61 +13 07 08.41 21.34±0.12 19.58±0.12 18.65±0.04 17.34±0.02 16.57±0.04 15.91±0.03 15.47±0.04 15.10±0.09 L3 6.04 − −
23 10 02.26 +13 06 35.41 22.04±0.22 19.99±0.17 18.78±0.05 17.48±0.02 16.69±0.04 15.97±0.03 15.46±0.04 15.11±0.08 L4 3.86 − −
23 10 42.40 +00 54 35.95 20.51±0.16 19.00±0.18 18.47±0.05 17.14±0.02 16.24±0.03 15.65±0.02 15.26±0.04 15.11±0.09 L2.5 33.68 − −
23 13 06.46 +11 15 56.45 21.45±0.20 19.57±0.16 18.35±0.04 17.34±0.03 16.74±0.03 16.15±0.03 15.84±0.05 15.70±0.15 L0.5 5.77 − −
23 13 21.34 +02 53 46.15 20.91±0.07 18.80±0.05 17.88±0.02 16.76±0.02 16.22±0.02 15.68±0.02 15.41±0.04 15.19±0.1 L0 6.76 − −
23 15 19.74 +07 19 33.86 21.29±0.10 19.43±0.10 18.63±0.06 17.37±0.03 16.59±0.03 15.89±0.02 15.53±0.05 15.22±0.09 L2.5 7.08 − −
23 15 31.39 +06 17 14.42 20.22±0.04 18.08±0.04 17.01±0.01 15.75±0.01 14.89±0.01 14.11±0.01 13.58±0.03 13.16±0.03 L4.5 5.27 − −
23 17 23.94 +04 17 22.01 21.07±0.15 19.19±0.11 18.35±0.03 17.42±0.02 16.62±0.02 16.14±0.03 − − L0: 6.25 − −
23 18 24.61 +05 21 42.94 21.75±0.17 19.32±0.09 18.29±0.03 17.10±0.02 16.23±0.02 15.56±0.02 14.79±0.03 14.43±0.06 L5 9.49 − −
23 18 53.18 –00 13 01.93 20.42±0.04 18.42±0.04 17.51±0.02 16.43±0.01 15.71±0.01 15.16±0.01 14.76±0.03 14.41±0.06 L1.5 3.33 − −
23 19 17.91 –00 21 35.71 21.29±0.10 19.45±0.10 18.60±0.04 17.41±0.03 16.65±0.03 16.10±0.03 15.88±0.06 15.79±0.15 L1 8.54 − −
23 20 16.33 +06 42 22.98 20.94±0.09 18.71±0.06 17.83±0.03 16.72±0.02 16.05±0.02 15.49±0.02 14.91±0.04 14.58±0.06 L2 13.49 − −
23 22 34.43 +10 44 26.02 20.92±0.13 19.00±0.09 18.36±0.04 17.27±0.03 16.61±0.03 15.96±0.03 15.65±0.05 15.13±0.1 L1 14.95 − −
23 23 04.16 +05 04 50.31 20.53±0.08 18.39±0.07 17.47±0.02 16.32±0.01 15.57±0.01 14.96±0.01 14.61±0.03 14.45±0.06 L1.5 5.99 − −
23 23 07.11 +05 41 13.39 21.84±0.32 19.21±0.13 18.23±0.04 17.08±0.02 16.11±0.02 15.45±0.02 14.64±0.03 14.09±0.04 L8.5 5.1 − −
23 23 27.18 +04 24 29.06 20.59±0.09 18.25±0.05 17.43±0.02 16.27±0.01 15.52±0.01 14.91±0.01 14.56±0.03 14.39±0.05 L1.5 9.72 − −
23 23 43.38 +05 18 24.55 21.57±0.15 19.62±0.11 18.57±0.04 17.43±0.02 16.74±0.03 16.16±0.03 15.83±0.05 15.52±0.13 L1.5 1.94 − −
23 24 38.70 +05 03 43.75 20.82±0.07 18.68±0.06 17.76±0.02 16.79±0.02 16.13±0.02 15.60±0.02 15.12±0.04 14.78±0.07 L1 12.07 − −
23 25 27.18 +09 16 28.50 21.65±0.16 19.35±0.09 18.65±0.05 17.42±0.03 16.68±0.03 16.12±0.03 15.88±0.06 15.54±0.14 L1.5 6.42 − −
23 26 47.14 +11 14 35.21 21.31±0.13 19.25±0.10 18.49±0.04 17.44±0.03 16.81±0.03 16.25±0.03 15.99±0.06 15.64±0.19 L0 0.99 − −
23 27 15.67 +15 17 29.53 20.90±0.07 18.61±0.04 17.54±0.02 16.20±0.01 15.36±0.01 14.68±0.01 14.16±0.03 14.00±0.04 L4 18.37 BD candidate −
23 28 10.55 +06 58 17.83 20.71±0.05 18.83±0.05 17.88±0.03 16.91±0.02 16.19±0.02 15.66±0.02 − − L0: 3.83 − −
23 28 47.89 +03 07 14.45 21.28±0.11 19.28±0.08 18.34±0.03 17.23±0.02 16.65±0.02 16.07±0.03 15.75±0.05 15.60±0.13 L0.5 2.01 − −
23 30 19.94 +00 36 52.65 21.52±0.13 19.16±0.07 18.46±0.03 17.24±0.03 16.54±0.03 16.01±0.03 15.65±0.05 15.32±0.09 L1.5 6.5 − −
23 30 22.05 +10 05 59.55 20.35±0.06 18.35±0.05 17.58±0.02 16.31±0.01 15.44±0.01 14.75±0.01 14.36±0.03 14.11±0.05 L3 11.85 − −
23 31 29.29 +15 52 21.95 18.92±0.02 16.92±0.01 16.03±0.01 14.98±0.00 14.30±0.00 13.74±0.00 13.47±0.03 13.19±0.03 L0.5 0.55 L0 13
23 32 05.10 +12 56 43.55 21.32±0.14 19.36±0.09 18.32±0.04 17.30±0.03 16.59±0.03 16.03±0.03 15.75±0.05 15.58±0.14 L0.5 3.47 − −
23 33 33.45 +02 51 28.48 20.54±0.06 18.80±0.07 17.87±0.02 16.47±0.01 15.53±0.01 14.66±0.01 14.16±0.03 13.84±0.04 L4.5 47.08 M9 13
23 33 58.47 +00 50 12.14 18.78±0.02 16.80±0.01 15.88±0.01 14.93±0.00 14.36±0.00 13.85±0.00 13.46±0.03 12.95±0.03 L0 26.14 − −
23 34 21.54 +14 55 29.08 21.04±0.11 19.08±0.10 18.66±0.05 17.48±0.03 16.85±0.05 16.34±0.05 15.76±0.05 15.54±0.13 L0.5 31.86 − −
23 34 32.53 +13 13 15.33 21.82±0.21 18.83±0.06 17.86±0.02 16.60±0.01 15.58±0.01 14.66±0.01 13.80±0.03 13.28±0.03 L7 46.05 − −
23 35 26.43 +08 17 21.31 18.71±0.01 16.74±0.01 15.72±0.01 14.65±0.00 13.99±0.00 13.41±0.00 13.08±0.02 12.75±0.03 L1 4.5 L0 12
23 36 08.92 +04 20 57.20 20.38±0.09 18.50±0.06 17.67±0.02 16.65±0.01 15.97±0.02 15.42±0.02 − − L0: 2.79 − −
23 36 16.00 +00 42 53.71 20.48±0.07 18.69±0.06 17.59±0.02 16.63±0.02 15.98±0.02 15.37±0.02 15.14±0.04 14.81±0.07 L0.5 8.24 L0 2
23 37 08.54 +10 53 05.39 21.34±0.11 19.57±0.10 18.69±0.05 17.35±0.03 16.50±0.03 15.83±0.03 15.46±0.04 15.05±0.08 L3 10.27 − −
23 38 58.55 +00 14 29.82 20.99±0.08 18.98±0.07 18.20±0.03 17.13±0.03 16.38±0.02 15.92±0.02 15.57±0.05 15.26±0.1 L0.5 3.7 − −
23 39 18.85 +07 32 40.19 20.98±0.06 18.82±0.05 17.98±0.02 16.90±0.01 16.17±0.02 15.60±0.02 15.12±0.04 14.78±0.09 L1.5 6.23 − −
23 39 27.32 +07 30 46.83 21.06±0.07 18.85±0.05 17.92±0.02 16.96±0.02 16.33±0.02 15.75±0.02 15.44±0.04 15.16±0.09 L0.5 7.01 − −
23 40 34.39 –00 13 51.80 20.41±0.04 18.32±0.03 17.46±0.02 16.39±0.02 15.77±0.02 15.31±0.02 14.97±0.03 14.71±0.07 L0 3.5 L0 2
23 41 52.19 +14 14 23.84 21.75±0.16 19.44±0.11 18.52±0.05 17.41±0.04 16.79±0.04 16.13±0.03 15.91±0.05 15.85±0.15 L1 8.19 − −
23 42 33.47 +12 04 49.75 21.47±0.22 18.92±0.11 18.47±0.05 17.39±0.03 16.70±0.03 16.20±0.03 15.79±0.05 15.65±0.13 L0 12.49 − −
23 43 33.16 +15 22 59.92 20.95±0.07 18.96±0.05 18.03±0.04 17.17±0.02 16.46±0.03 15.94±0.03 15.48±0.04 15.28±0.09 L0 10.2 − −
23 44 06.92 +01 15 15.81 20.32±0.04 18.42±0.04 17.53±0.02 16.36±0.01 15.63±0.02 15.04±0.01 14.63±0.03 14.40±0.08 L1.5 3.48 L1 2
23 45 12.07 –00 58 42.58 21.17±0.10 18.88±0.06 18.13±0.03 17.17±0.02 16.52±0.02 15.99±0.03 15.57±0.05 15.80±0.21 L0 11.4 − −
23 45 39.07 +00 55 13.52 17.62±0.01 15.63±0.01 14.63±0.00 13.68±0.00 13.09±0.00 12.52±0.00 12.23±0.03 11.88±0.02 L0 7.01 M9 6
23 48 04.76 +12 19 23.66 21.51±0.16 19.35±0.11 18.53±0.04 17.25±0.02 16.54±0.02 15.81±0.02 15.37±0.04 14.96±0.08 L3 2.59 − −
23 48 41.41 –00 40 22.71 21.45±0.11 19.40±0.07 18.56±0.05 17.48±0.03 16.88±0.03 16.38±0.04 16.07±0.07 16.16±0.28 L0 2.53 L1.5 3
23 49 42.64 +07 03 49.58 20.59±0.05 18.60±0.04 17.68±0.03 16.53±0.02 15.93±0.01 15.32±0.02 15.02±0.04 14.85±0.08 L1 3.38 − −
23 50 03.58 +13 38 04.99 21.34±0.17 19.18±0.11 18.54±0.05 17.32±0.03 16.44±0.02 15.71±0.02 15.36±0.04 15.05±0.08 L3 9.15 − −
23 51 28.75 +00 39 41.19 20.67±0.07 18.68±0.05 17.76±0.03 16.78±0.01 16.11±0.02 15.58±0.02 15.32±0.04 14.98±0.09 L0 1.24 L0.5 2
23 52 06.73 +12 57 06.67 20.72±0.09 18.47±0.05 17.51±0.02 16.22±0.01 15.46±0.01 14.76±0.01 14.31±0.03 14.01±0.04 L3.5 4.42 − −
23 52 23.44 +10 51 53.64 20.00±0.07 18.03±0.05 17.51±0.02 16.34±0.01 15.62±0.01 15.00±0.01 14.51±0.03 14.28±0.05 L1 38.42 − −
23 54 52.63 +10 41 26.50 21.40±0.12 19.24±0.07 18.16±0.03 17.09±0.02 16.51±0.03 15.94±0.03 15.57±0.04 15.40±0.11 L1 10.73 − −
23 57 07.10 +05 20 34.15 21.34±0.22 18.86±0.11 18.48±0.05 17.29±0.03 16.69±0.02 16.19±0.03 15.78±0.05 15.53±0.12 L0 14.07 − −
23 57 15.42 +11 41 55.17 20.29±0.05 17.99±0.03 17.19±0.02 16.08±0.01 15.35±0.01 14.74±0.01 14.35±0.03 14.03±0.04 L1.5 10.33 − −
23 57 31.54 +00 37 21.13 20.61±0.07 18.72±0.05 17.86±0.03 16.85±0.02 16.21±0.03 15.68±0.03 15.33±0.04 15.13±0.1 L0 3.07 − −
23 58 03.08 –00 15 48.35 20.74±0.05 18.64±0.04 17.88±0.03 16.79±0.01 16.10±0.02 15.55±0.02 15.19±0.04 15.01±0.09 L0.5 3.31 − −
23 58 42.01 +00 06 21.68 21.59±0.13 19.31±0.08 18.45±0.04 17.23±0.02 16.50±0.03 15.86±0.03 15.44±0.04 15.18±0.09 L2.5 2.33 L1.5 3
23 59 35.81 +05 04 04.88 21.27±0.12 19.03±0.09 18.29±0.04 17.22±0.03 16.49±0.02 15.89±0.02 15.54±0.05 15.45±0.12 L1 5.16 − −
This table lists the coordinates, photometry, photo-type classification and χ2 for all L dwarfs in our sample. For known objects it also lists the spectral type and paper it was first typed in. The numbers in the
last column cite the following publications: (1) Knapp et al. (2004), (2) Zhang et al. (2010), (3) Scholz et al. (2009), (4) Testi (2009), (5) Allen et al. (2007), (6) Reid et al. (2008), (7) Geballe et al. (2002), (8)
Hawley et al. (2002), (9) Faherty et al. (2009), (10) Kirkpatrick et al. (2011), (11) Metchev et al. (2008), (12) Schmidt et al. (2010), (13) West et al. (2008), (14) Kirkpatrick et al. (2010), (15) Berger (2006), (16)
Bihain et al. (2010), (17) Chiu et al. (2006), (18) Aberasturi et al. (2011), (19) Cushing et al. (2006), (20) Schneider et al. (2002), (21) Schmidt et al. (2007), (22) Marocco et al. (2013), (23) Fan et al. (2000),
(24) Cruz et al. (2003), (25) Kirkpatrick (2005)
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Table A.2: T dwarfs
R.A. (2000) decl. (2000) i ± ierr z ± zerr Y ± Yerr J ± Jerr H ± Herr K ± Kerr W1 ±W1err W2 ±W2err photo-type χ2 SpT Ref
00 08 44.34 +01 27 29.47 − − 18.2±0.04 16.99±0.02 17.40±0.06 17.54±0.1 17.02±0.14 14.83±0.07 T6.5: 1.26 − −
00 34 51.98 +05 23 06.82 24.11±0.63 18.39±0.04 16.21±0.01 15.14±0.00 15.58±0.01 16.07±0.03 15.09±0.04 12.55±0.03 T7 44.61 T6.5 1
00 47 30.55 +11 32 22.51 22.68±0.65 19.38±0.17 18.37±0.04 17.17±0.03 16.77±0.04 16.90±0.06 16.30±0.07 15.11±0.09 T3 23.58 − −
00 50 11.92 +14 43 41.20 23.15±0.53 19.53±0.11 18.26±0.04 17.16±0.02 16.64±0.04 16.18±0.03 15.48±0.04 14.6±0.06 T1.5 4.18 − −
01 35 25.37 +02 05 18.52 21.73±0.13 18.66±0.05 17.55±0.02 16.48±0.02 15.66±0.01 14.99±0.01 14.28±0.03 13.88±0.04 T0 39.91 − −
01 36 57.51 +09 33 47.28 20.41±0.06 16.01±0.01 14.39±0.00 13.25±0.00 12.81±0.00 12.59±0.00 − − T2.5: 87.62 − −
01 37 44.87 +09 08 10.20 24.51±0.69 19.24±0.11 17.66±0.02 16.42±0.01 16.14±0.02 16.01±0.03 15.56±0.04 14.45±0.05 T3 16.72 − −
01 40 16.91 +01 50 54.76 23.68±0.58 20.44±0.21 18.41±0.04 17.20±0.02 17.21±0.05 17.31±0.08 − − T4.5: 4.69 − −
01 51 42.09 +12 44 29.30 22.34±0.32 18.84±0.07 17.40±0.02 16.39±0.01 15.60±0.01 15.29±0.01 14.62±0.03 13.93±0.04 T1.5 19.51 T1 2
02 07 42.91 +00 00 56.25 24.25±0.50 19.84±0.13 18.02±0.03 16.73±0.01 16.81±0.04 16.72±0.05 16.30±0.06 15.05±0.07 T4 15.05 T4.5 3
02 23 06.76 +03 18 33.25 24.32±0.67 19.99±0.15 18.40±0.04 17.26±0.02 17.01±0.04 17.15±0.07 16.27±0.06 15.12±0.08 T3.5 9.67 − −
02 30 40.40 +02 05 21.16 23.36±0.45 20.48±0.18 18.25±0.04 16.88±0.02 17.16±0.05 17.04±0.07 17.00±0.11 15.05±0.07 T5 27.95 − −
02 54 09.58 +02 23 58.73 23.68±0.57 19.33±0.07 17.00±0.01 15.92±0.01 16.29±0.02 16.73±0.05 15.81±0.05 12.76±0.03 T8 42.85 − −
03 25 53.13 +04 25 40.14 24.94±0.53 19.13±0.08 17.17±0.01 16.00±0.01 16.26±0.02 16.52±0.04 15.89±0.05 13.81±0.04 T6 17.7 T5.5 4
07 41 49.02 +23 51 26.00 24.49±0.41 19.03±0.06 17.13±0.01 15.89±0.01 16.10±0.02 16.28±0.04 15.90±0.05 14.12±0.05 T5 26.66 T5 5
07 55 47.94 +22 12 14.75 − 18.43±0.05 16.61±0.01 15.47±0.00 15.78±0.01 15.89±0.02 15.34±0.04 13.51±0.03 T5.5 2.1 T5 1
08 19 18.59 +21 03 10.58 − 20.48±0.33 18.25±0.03 16.95±0.01 17.28±0.03 17.18±0.06 16.95±0.11 15.24±0.09 T5 13.74 T5.5 15
08 21 55.52 +25 09 39.68 − − 18.61±0.04 17.23±0.02 17.29±0.07 17.23±0.09 16.92±0.1 15.61±0.12 T4: 14 − −
08 27 07.67 –02 04 08.20 − 19.8±0.16 18.36±0.05 17.16±0.02 17.43±0.05 17.52±0.11 − − T5: 5.6 T5.5 6
08 30 48.89 +01 28 28.90 25.51±0.33 18.87±0.07 17.20±0.01 16.05±0.01 16.25±0.02 16.35±0.04 15.66±0.05 14.13±0.04 T5 64.8 T4.5 5
08 37 17.20 –00 00 19.36 23.12±0.50 19.29±0.10 18.12±0.03 16.99±0.02 16.29±0.02 15.92±0.02 15.33±0.04 14.68±0.06 T1.5 19.62 T0.5 3
09 05 21.62 +10 06 54.96 23.02±0.39 19.34±0.09 18.20±0.03 17.08±0.02 16.39±0.02 16.07±0.02 15.17±0.04 14.36±0.05 T1 12.8 − −
09 15 44.13 +05 31 03.96 23.53±0.86 19.32±0.14 18.14±0.02 16.93±0.01 16.54±0.03 16.58±0.05 − − T3: 11.29 − −
09 42 29.46 +02 33 33.06 − 19.96±0.20 18.69±0.05 17.46±0.04 17.14±0.04 17.37±0.08 16.78±0.10 15.72±0.14 T3.5 19.08 − −
09 54 29.93 +06 23 10.10 23.87±0.97 19.05±0.10 17.87±0.02 16.59±0.01 16.89±0.02 17.17±0.07 16.47±0.08 14.62±0.06 T5.5 33.01 T5.5 6
10 12 43.54 +10 21 01.70 24.87±0.78 19.69±0.21 18.02±0.02 16.88±0.01 17.24±0.05 17.45±0.08 16.32±0.07 14.18±0.05 T7.5 22.69 T5.5 7
10 21 09.62 –03 04 20.29 23.22±0.57 18.78±0.05 17.04±0.01 15.92±0.01 15.58±0.01 15.37±0.02 14.74±0.03 13.81±0.04 T2.5 16.68 T3 1
10 29 40.52 +09 35 14.60 − − 18.28±0.03 17.28±0.02 17.70±0.05 17.69±0.08 16.78±0.12 14.38±0.07 T7.5: 8.78 − −
10 48 29.09 +09 19 39.49 23.83±0.73 18.98±0.08 17.57±0.02 16.45±0.02 15.97±0.02 15.93±0.03 15.31±0.04 14.32±0.05 T3 18.04 T2.5 4
10 51 31.80 +02 57 51.06 − − 18.48±0.04 17.46±0.03 17.77±0.10 17.94±0.16 16.97±0.13 15.09±0.09 T6.5: 11.34 − −
11 07 25.16 +01 20 14.24 − − 18.56±0.03 17.34±0.02 16.89±0.04 16.35±0.04 − − T1.5:: 3.19 − −
11 08 29.29 +15 43 01.39 22.69±0.46 19.27±0.10 18.03±0.02 16.85±0.01 16.16±0.02 15.52±0.02 − − T0 3.07 − −
11 10 09.86 +01 16 10.65 23.55±0.78 19.14±0.10 17.34±0.01 16.16±0.01 16.20±0.02 16.05±0.03 15.44±0.04 13.92±0.04 T4 18.67 T5.5 9
11 43 40.47 +06 13 58.91 24.35±0.56 19.96±0.13 17.93±0.02 16.82±0.01 16.80±0.03 16.97±0.07 16.40±0.08 14.75±0.07 T4.5 8.32 − −
11 57 00.58 +06 11 04.16 23.15±0.41 19.76±0.09 18.23±0.03 17.08±0.01 16.46±0.02 16.09±0.02 15.40±0.04 14.50±0.06 T1.5 2.97 T1.5 5
11 57 59.04 +09 22 00.73 24.99±0.79 19.38±0.15 18.01±0.03 16.80±0.01 16.41±0.02 16.24±0.04 − − T2.5: 6.29 T2.5 10
12 02 57.05 +09 01 58.84 23.81±0.78 19.57±0.11 18.06±0.03 16.80±0.02 16.89±0.03 17.00±0.06 16.60±0.09 14.94±0.08 T4.5 7.04 T5 7
12 04 44.67 –01 50 34.88 23.41±0.79 19.91±0.19 17.99±0.03 16.81±0.02 17.07±0.04 17.29±0.09 16.57±0.09 14.67±0.06 T6 5.1 T5.5 6
12 07 46.85 +02 44 26.18 21.07±0.11 17.85±0.03 16.62±0.01 15.45±0.01 14.71±0.01 14.19±0.01 13.43±0.03 12.79±0.03 T0.5 8.31 L8 11
12 10 19.23 +03 33 41.80 22.75±0.54 19.81±0.18 17.78±0.02 16.71±0.02 16.92±0.04 17.08±0.07 16.66±0.09 14.83±0.07 T5.5 8.19 − −
12 31 46.99 +08 47 25.83 22.40±0.29 18.38±0.04 16.34±0.01 15.15±0.00 15.46±0.01 15.55±0.02 15.07±0.04 13.08±0.03 T6 12.04 − −
12 37 54.49 +06 07 36.08 24.00±0.84 19.50±0.12 18.40±0.03 17.20±0.02 16.40±0.02 15.85±0.02 15.13±0.04 14.35±0.06 T0 3.77 − −
12 44 26.53 +26 55 56.50 − 20.47±0.32 18.66±0.05 17.40±0.02 17.41±0.05 17.25±0.08 16.96±0.11 15.66±0.12 T4 8.03 − −
12 50 15.59 +26 28 46.79 22.53±0.37 19.67±0.13 17.75±0.02 16.40±0.01 16.74±0.02 16.79±0.05 16.41±0.07 14.59±0.05 T5 17.3 T6.5 12
12 53 23.22 +30 16 06.73 − − 18.97±0.07 17.38±0.03 17.28±0.04 17.26±0.07 − − T3.5:: 19.58 − −
12 54 53.59 –01 22 46.25 21.81±0.27 17.49±0.03 15.86±0.01 14.67±0.00 14.14±0.00 13.89±0.00 13.31±0.03 12.41±0.02 T2 27.36 T2 13
13 00 41.74 +12 21 14.72 − 19.79±0.18 17.72±0.02 16.69±0.01 17.01±0.04 16.90±0.06 16.04±0.06 13.85±0.04 T7.5 32.62 T8.5p 14
13 13 07.48 +12 35 40.73 22.99±0.72 19.88±0.18 18.58±0.05 17.43±0.02 16.91±0.03 16.50±0.04 16.06±0.06 15.28±0.09 T2 14.22 − −
13 16 10.13 +03 12 05.56 22.55±0.40 19.53±0.12 18.00±0.03 16.75±0.02 16.13±0.02 15.43±0.02 − − T0: 11.05 − −
13 16 15.93 +33 13 06.76 24.30±0.56 20.49±0.20 18.71±0.04 17.49±0.03 17.89±0.07 17.88±0.14 17.35±0.12 15.45±0.08 T5.5 3.31 − −
13 26 05.18 +12 00 09.99 − 20.80±0.41 18.64±0.04 17.49±0.02 17.66±0.06 17.58±0.08 16.73±0.08 15.36±0.09 T4 13.36 T6p 7
13 35 29.40 +30 10 51.94 23.11±0.57 19.58±0.13 18.40±0.04 17.30±0.03 16.55±0.02 15.96±0.02 − − T0.5: 3.14 − −
13 37 50.47 +26 36 48.67 24.78±0.50 19.82±0.11 17.72±0.02 16.56±0.01 16.81±0.03 17.02±0.06 16.4±0.07 14.60±0.05 T5.5 9.41 T5 12
13 43 31.80 +07 34 34.01 − 20.68±0.22 18.47±0.05 17.33±0.03 17.19±0.04 17.23±0.08 − − T4: 7.64 − −
13 44 03.71 +08 39 51.51 22.66±0.34 19.44±0.08 18.37±0.04 17.21±0.02 16.50±0.02 16.04±0.03 15.16±0.04 14.38±0.05 T0.5 12.19 − −
13 44 36.84 +11 09 57.55 24.38±0.62 19.97±0.14 18.44±0.05 17.22±0.02 16.92±0.03 16.93±0.06 − − T3: 4.44 − −
13 46 46.10 –00 31 51.43 23.47±0.60 18.95±0.07 16.80±0.01 15.64±0.01 15.97±0.01 15.96±0.02 15.4±0.04 13.63±0.03 T5.5 21.68 T6.5 2
13 46 46.71 +28 20 09.22 24.74±0.68 19.81±0.19 18.95±0.06 17.45±0.03 17.59±0.05 17.60±0.10 17.43±0.14 15.55±0.10 T4.5 25.79 − −
14 02 55.67 +08 00 54.53 22.64±0.37 19.30±0.08 17.99±0.03 16.84±0.01 16.20±0.02 15.71±0.02 14.93±0.03 14.23±0.04 T1 3.28 T1.5 4
14 16 23.94 +13 48 36.32 − − 18.16±0.03 17.26±0.02 17.58±0.03 18.93±0.24 − − T7:: 31.65 T7.5 18
14 17 56.22 +13 30 45.89 23.83±0.61 19.85±0.14 17.94±0.03 16.77±0.01 17.00±0.03 17.00±0.04 16.60±0.07 14.73±0.05 T5 4.72 T5.5 15
14 27 18.34 +01 12 06.27 21.90±0.36 19.41±0.17 18.83±0.07 17.48±0.04 16.75±0.03 16.39±0.04 15.49±0.04 14.91±0.07 T0.5 35.68 − −
15 04 11.73 +10 27 16.91 23.70±0.57 19.61±0.11 17.63±0.02 16.51±0.01 16.99±0.05 17.12±0.08 16.22±0.05 14.06±0.04 T7 9.91 T7 4
15 04 57.66 +05 38 00.83 23.48±0.51 19.67±0.13 17.64±0.02 16.59±0.02 17.05±0.04 17.41±0.09 16.00±0.05 14.23±0.04 T7 58.47 T6.5 15
15 16 03.00 +02 59 27.74 22.72±0.44 19.11±0.08 17.96±0.03 16.88±0.02 16.08±0.02 15.44±0.02 14.65±0.03 14.09±0.05 T0 7.19 T0 1
15 21 03.15 +01 31 43.24 24.41±0.59 18.92±0.06 17.34±0.02 16.10±0.01 15.68±0.01 15.57±0.02 14.90±0.03 13.94±0.04 T2.5 19.18 T2 1
15 25 02.10 +08 33 44.07 22.06±0.21 19.47±0.10 18.25±0.03 17.17±0.02 16.62±0.02 16.22±0.03 15.26±0.04 14.54±0.06 T1 49.76 − −
16 39 31.50 +32 32 12.80 23.56±0.48 19.80±0.11 18.14±0.02 16.71±0.01 16.72±0.03 16.80±0.06 16.55±0.43 15.15±0.06 T4 30.34 − −
21 24 14.00 +01 00 02.58 23.41±0.45 18.94±0.05 17.21±0.02 15.83±0.01 16.05±0.02 16.09±0.03 15.66±0.05 14.15±0.04 T4.5 18.16 T5 3
21 59 18.90 +03 05 03.51 22.97±0.40 19.45±0.09 18.11±0.03 16.98±0.02 16.29±0.02 15.72±0.02 14.89±0.03 14.28±0.05 T0.5 5.07 BD candidate −
22 26 23.06 +04 40 04.12 − − 18.04±0.03 16.90±0.02 17.45±0.07 17.24±0.09 16.86±0.11 14.51±0.05 T7: 11 T8 19
23 20 35.29 +14 48 29.82 22.86±0.51 19.57±0.17 17.94±0.03 16.76±0.02 17.11±0.04 17.25±0.10 16.59±0.08 14.34±0.06 T7 15.05 T7 15
23 21 23.80 +13 54 54.92 24.22±0.51 20.02±0.13 17.65±0.03 16.69±0.02 17.09±0.06 17.36±0.10 16.94±0.12 14.11±0.06 T7 18.25 T7.5 16
23 22 54.38 +12 11 59.73 − − 18.66±0.06 17.29±0.02 17.14±0.05 17.13±0.07 − − T3.5:: 5.65 − −
23 23 15.39 +07 19 31.01 23.39±0.39 19.82±0.11 18.50±0.04 17.30±0.02 16.55±0.03 16.20±0.03 15.47±0.04 14.76±0.06 T1 3.97 − −
23 29 05.11 +13 25 33.16 23.24±0.57 20.01±0.19 18.69±0.06 17.35±0.03 17.04±0.04 16.42±0.04 − 15.14±0.10 T1.5 14.56 − −
23 32 27.03 +12 34 52.09 22.27±0.27 19.36±0.11 18.10±0.04 16.90±0.02 16.39±0.03 15.88±0.03 15.18±0.04 14.77±0.07 T1.5 35.84 − −
23 39 10.43 +13 52 21.83 25.05±0.86 19.91±0.31 16.96±0.01 15.85±0.01 16.06±0.02 16.20±0.04 15.21±0.04 13.80±0.04 T4.5 56.92 T5 9
23 42 28.96 +08 56 20.11 23.35±0.47 19.51±0.09 17.42±0.02 16.37±0.01 16.73±0.03 16.98±0.06 15.97±0.06 13.95±0.04 T7 16.76 T7 15
23 57 16.50 +12 27 41.92 22.88±0.49 19.37±0.12 17.34±0.02 16.10±0.01 16.49±0.03 16.52±0.04 15.74±0.05 14.02±0.04 T5.5 24.6 T6 12
This table lists the coordinates, photometry, photo-type classification and χ2 for all T dwarfs in our sample. For known objects it also lists the spectral type and paper it was first typed in. The numbers in the last
column cite the following publications: (1) Faherty et al. (2009), (2) Metchev et al. (2008), (3) Liu et al. (2006), (4) Chiu et al. (2006), (5) Burgasser et al. (2006b), (6) Scholz et al. (2012), (7) Burningham et al.
(2010b), (8) Knapp et al. (2004), (9) Burgasser et al. (2006a), (10) Pinfield et al. (2008), (11) Hawley et al. (2002), (12) Mace et al. (2013a), (13) Burgasser (2004a), (14) Burningham et al. (2011), (15) Scholz
(2010), (16) Leggett et al. (2010), (17) Kirkpatrick et al. (2010), (18) Burningham et al. (2010a), (19) Kirkpatrick et al. (2011)
